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Deep-diving hammerheads close their gill slits 
to keep warm pp.583. 4651 
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EDITORIAL 


STEM must meet people where they are 


deas in science and engineering drive innovation, 
entrepreneurship, and economic growth—this is true 
around the world, inspiring people to want to be part 
of this enterprise. I hear this across the United States. 
Everywhere I go, people tell me that they want oppor- 
tunities for themselves and their families to learn and 
solve real-world problems, to revitalize their commu- 
nities, and to find paths to build a better life without nec- 
essarily having to move away from home. In short, people 
want to pursue possibilities where they live. Fortunately, 
this is feasible and finally starting to happen. 

In the United States, the number of students earning 
science and engineering doctoral degrees has doubled 
since 1985, but a PhD is not always needed to partici- 
pate in the science, technology, en- 
gineering, and mathematics (STEM) 
workforce. In the skilled technical 
workforce, there are 20 million people 
without a bachelor’s degree who con- 
tribute. STEM jobs at all levels proved 
more resilient during the pandemic, 
with lower unemployment across the 
STEM labor force compared to the 
non-STEM labor force. STEM workers 
also earn more than non-STEM work- 
ers, regardless of sex, race, ethnicity, 
or disability status. It is therefore un- 
surprising that many working people, 
particularly in lower-paid, non-STEM 
jobs in the service industry (such as 
customer service and sales), are eager 
to acquire new or improved skills to transition into the 
STEM workforce. But what is also true is that most peo- 
ple looking to attain a good STEM job are not necessarily 
able to relocate to where the opportunities are because of 
personal situations such as financial constraints, housing 
availability, and caretaking responsibilities. 

Offshoring (which erased 5 million middle class 
manufacturing jobs), the 2008 economic recession, and 
COVID-19 have particularly affected women, people of 
color, and rural communities—those largely missing from 
the scientific enterprise and who deserve STEM opportu- 
nities. Including a diversity of ideas, experiences, contexts, 
talents, and geographies is therefore crucial to expanding 
innovation capacity and meeting the demand for a skilled 
STEM workforce. Currently, just 15 states supply 76% of 
the skilled domestic workforce in knowledge and technol- 
ogy industries. Half of all US innovation jobs in STEM 
fields are concentrated in just 41 counties. 

As the nation’s largest independent federal funding 
agency for basic research, the US National Science Foun- 
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dation (NSF) is trying to meet people where they are by 
building realistic paths locally for them to enter the scien- 
tific workforce. It launched a new Directorate for Technol- 
ogy, Innovation and Partnerships (TIP) in 2022 aimed at 
connecting millions to STEM opportunities in the form 
of education, training, and jobs everywhere. For example, 
the agency is partnering with companies such as Micron, 
Intel, and IBM to develop a robust workforce in semicon- 
ductor design and manufacturing through student and 
teacher development programs in community colleges 
and minority-serving institutions. This will create av- 
enues for high-tech jobs in more places so that people can 
contribute their ideas and talent where they live. 

And rather than trying to turn the Midwest into a Sili- 
con Valley or the South into a Kendall 
Square, the agency launched its Re- 
gional Innovation Engines program 
last year, which aims to bring together 
governments, institutes of higher edu- 
cation, employers, labor unions, and 
community-based organizations to 
spur regional innovation and develop- 
ment. The idea is to leverage local as- 
sets and innovation potential specific 
to each region and unleash entrepre- 
neurship, accelerate commercializa- 
tion, retain value locally, and create 
a virtuous, sustainable cycle that at- 
tracts follow-on regional investments. 
The first awards for this program will 
soon be announced. 

There are other promising programs with similar 
goals. For example, the Department of Commerce is 
launching regional technology hubs to expand economic 
opportunity across the United States. And as part of the 
Microelectronics Commons, a national network, the De- 
partment of Defense is establishing regional capabilities 
to create direct pathways to commercialization for US mi- 
croelectronics researchers and designers. 

The most important US science and engineering legis- 
lation in a generation, the landmark CHIPS and Science 
Act of 2022, passed Congress with bipartisan support. 
Building on this Act, the Fiscal Year 2023 enacted bud- 
get for NSF is $9.9 billion, which is an excellent start to 
rapidly scale local STEM pathways. If the United States 
is to vigorously compete with other countries, including 
China, then it must ensure that the CHIPS and Science 
Act authorizations become definitive budget appropria- 
tions. There are good initiatives in the works right now. 
Let’s accelerate progress. 

-Sethuraman Panchanathan 
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Estimated cost to plug 14,000 inactive oil and gas wells in the U.S. Gulf 
of Mexico and inland waters that may be adding to carbon emissions. The 
government could hold oil and gas producers liable. (Nature Energy) 


Workers funded by the EcoHealth Alliance collected bats for study from a cave in south China in 2019. 


NIH restarts halted bat virus grant 


hree years after then-President Donald Trump pressured the U.S. 

National Institutes of Health (NIH) to shut down a research grant 

to a group studying how bat coronaviruses jump to people, the 

agency has restarted the award. The new 4-year grant providing 

$576,000 per year is a stripped-down version of a 2019 grant to the 

EcoHealth Alliance, a nonprofit in New York City. That grant in- 
cluded a subaward to China’s Wuhan Institute of Virology (WIV), which 
some conservative commentators allege started the COVID-19 pan- 
demic. The restarted grant omits WIV, sampling of bats and people in 
China, and controversial experiments with live, hybrid viruses. Instead, 
it funds studies of bat virus’ genomes and characteristics that could 
cause human disease and lab work with viral proteins and “pseudo- 
viruses” that can’t cause disease. NIH has also imposed extensive new 
accounting rules on EcoHealth. In January, a federal audit found that 
EcoHealth had misreported nearly $90,000 in expenses for several 
grants dating to 2014 and that NIH had erred by not justifying its ter- 
mination (later changed to a suspension) of the 2019 grant. 
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FDA approves first RSV vaccine 


INFECTIOUS DISEASES | A decadeslong 

effort to develop a vaccine against respira- 
tory syncytial virus (RSV), a respiratory 
pathogen that targets infants and the elderly, 
succeeded last week when the U.S. Food and 
Drug Administration (FDA) green-lighted 

one made by manufacturer GlaxoSmithKline. 
The vaccine, the first ever approved, will 
become available to people ages 60 and older 
if, as expected, an advisory committee at the . 
Centers for Disease Control and Prevention 
recommends it next month. A similar vac- 
cine by pharmaceutical giant Pfizer is also 
expected to win approval for use in older 
people this month. And FDA has committed 
to deciding by August whether to allow 

use of the Pfizer vaccine in pregnant people, 
who pass protective antibodies to their new- 
borns. Annually, RSV kills an estimated 
33,000 people ages 60 and older in hospitals 
in high-income countries. It also kills an esti- 
mated 46,000 infants younger than 7 months 
old, most of them in developing countries. 


Minisatellites eye cyclones 


ATMOSPHERIC SCIENCE | A pair of small 
satellites funded by NASA to study how hur- 
ricanes rapidly intensify launched this week 
from New Zealand, carried on a Rocket Lab 
Electron rocket. The Tropics satellites, each 
about the size of a shoebox, sport miniature 
microwave sensors like those typically carried 
on larger, more expensive weather satel- 

lites, allowing them to see through clouds ‘ 
to measure water vapor, precipitation, and 
temperature. The two CubeSats will be joined 
by a second pair later this month; the constel- 
lation will fill in the 6-hour gaps in data from 
larger weather satellites. The first two Tropics 
satellites were lost in June 2022 when the 
rocket company Astra failed to deliver them 
into orbit. That prompted NASA to select 
Rocket Lab for the two remaining launches. 


CDC chief to step down 


LEADERSHIP | Rochelle Walensky, who 
directed the U.S. Centers for Disease Control 
and Prevention (CDC) through a turbulent 
pandemic era, will leave her job at the end 
of June, she announced last week. Walensky 
took up her post in January 2021 after 
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leading the infectious diseases division at 
Massachusetts General Hospital. During the 
COVID-19 pandemic, CDC was buffeted by 
criticism, including that it bowed to former 
President Donald Trump’s administration’s 
political agenda; after President Joe Biden 
named Walensky director, she made com- 
munications missteps seen as further eroding 
public trust in the agency. Last summer, she 
launched a reorganization that included 

a focus on making CDC’s public commu- 
nications better and faster. The timing to 
nominate a successor is uncertain. Beginning 
on 20 January 2025, the U.S. Senate will need 
to confirm any new nominee for the position. 


Human ‘pangenome’ released 


BIOMEDICINE | Researchers presented 

this week the first draft of the human 
pangenome—a collection of sequenced 
genomes belonging to individuals of diverse 
ancestry that aims to eventually represent as 
many as possible of the DNA sequences found 
across our species. Scientists have been using 
a single reference human genome—mostly 
representing people of European ancestry— 
since it was unveiled 20 years ago. The 
Human Pangenome Reference Consortium 
diversified that reference by sequencing the 
genomes of 47 individuals from all continents 
except Antarctica. Published in a series of 
papers in Nature, the pangenome adds 

119 million base pairs to the current reference 
genome and doubles the known number of 
structural variants. Researchers hope to iden- 
tify potentially harmful variants present only 
in some populations, enabling more equitable 
health care. 


WHO fired COVID-19 investigator 


#METOO | The World Health Organization 
(WHO) has dismissed Peter Ben Embarek, 
the scientist who led its probe of the origins 
of COVID-19, following findings he com- 
mitted sexual misconduct. The dismissal 
occurred last year but was reported by the 
Financial Times only last week. The allega- 
tions concern incidents in 2015 and 2017 and 
were first received by WHO investigators 

in 2018, and the organization followed due 
process, a spokesperson says. WHO did not 
disclose additional details. Ben Embarek told 
Reuters that he “contests the qualification of 
harassment” and that he was “quite hopeful 
in the defense of my rights.” In March, WHO 
adopted a revised policy to stop sexual harass- 
ment and misconduct. It aimed to address 
what it called shortcomings in its response to 
allegations that its workers sexually exploited 
and abused women and girls during an Ebola 
outbreak in the Democratic Republic of the 
Congo from 2018 to 2020. 
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Tall wood building is shaken, but not scathed 


10-story wooden building survived two severe, simulated earthquakes intact 
this week as scientists sought to show that wood can rival steel and concrete 
to safely support tall buildings. The structure is the tallest ever tested at the 
University of California, San Diego's earthquake simulator. As part of a project 
funded by the U.S. National Science Foundation, the machine subjected the 
building to the equivalent of the 1994 6.7 magnitude Northridge, California, quake. 
A few minutes later it re-created a 1999 7.7 magnitude temblor that struck Taiwan. 
The building is reinforced by narrow wooden panels running from the ground to the 
top of each of its four sides. These “rocking walls” are pinned in place by metal rods 
anchored to the ground and running though the panels to the top. They enable 
the walls to sway during a quake, then return to vertical. Scientists say using wood 
to construct tall buildings could lower their environmental footprint. 
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COVID-19 


End of COVID-19 emergencies sparks debate 


Moves by WHO and U.S. dial back data collection, reporting mandates 


By Kai Kupferschmidt and Meredith Wadman 


he World Health Organization (WHO) 

last week declared an end to the emer- 

gency phase of the COVID-19 pan- 

demic, just as a similar emergency in 

the United States expires on 11 May. 

Both moves usher the world into a 
new phase of disease monitoring, with scaled 
back surveillance and fewer resources to 
fight SARS-CoV-2. 

WHO’s emergency committee recom- 
mended ending the Public Health Emergency 
of International Concern (PHEIC), the high- 
est alert level WHO can declare, that has been 
in effect since 30 January 2020. “It’s therefore 
with great hope that I declare COVID-19 over 
as a global health emergency,’ WHO’s director- 
general, Tedros Adhanom Ghebreyesus, said 
at a press conference in Geneva. 

The pandemic had been on a downward 
trajectory for a year, Tedros said, allowing 
most countries to return to life as it was be- 
fore the new coronavirus emerged. Tedros 
emphasized that this declaration does not 
mean COVID-19 is no longer a threat. “The 
worst thing any country could do now is 
to use this news as a reason to let down its 
guard, to dismantle the systems it has built, 
or to send the message to its people that 
COVID-19 is nothing to worry about,” he said. 

Both the U.S. wind-down and the WHO 
decision indicate that “the emergency and 
acuity part is in the rearview mirror” for 
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governments and organizations, says Beth 
Blauer, a data and public policy expert at 
Johns Hopkins University. “This need to 
have COVID-19 at the fore as a dedicated 
declared emergency is no longer considered 
the best use of collective resources.” 

Since the pandemic’s start 3 years ago, 
WHO has recorded close to 7 million deaths 
from COVID-19, and the real death toll may 
be three times that. Although deaths are now 
lower than they have been since March 2020, 
a few thousand are still being reported to the 
agency each week. In his statement, Tedros 
highlighted COVID-19’s ongoing impact, em- 
phasizing not just the deaths, but also that 
thousands of people around the world are 
still being treated for the disease in intensive 
care units and millions of others are deal- 
ing with the prolonged aftereffects of SARS- 
CoV-2 infections. “This virus is here to stay,” 
he said. “It’s still killing and it’s still changing. 
The risk remains of new variants emerging 
that cause new surges in cases.” 

Coming just a week later, the end of the 
US. public health emergency will have imme- 
diate policy impacts. The flow of migrants at 
the southern border is likely to increase with 
the end of pandemic-era restrictions, and the 
federal government’s provision of free rapid 
antigen tests will end. 

In a press conference explaining some of 
the changes, officials from the U.S. Centers 
for Disease Control and Prevention (CDC) 
conceded they will also lose some insight into 


the pandemic as their data collection powers 
are dialed back. When the U.S. emergency : 
ends, CDC will no longer be able to compel 
testing laboratories to report their COVID-19 
test results, or states to report numbers of 
vaccinations, although many are expected 
to continue to report the latter voluntarily. 
Community levels, case numbers, and test 
positivity rates—the percentage of positive 
tests among all tests taken—will no longer 
appear on CDC’s popular data tracker. The 
changes in CDC’s capabilities come as roughly : 
1100 people in the U.S. are dying weekly of 
COVID-19, most of them people 65 and older. 

Still, senior CDC officials insist the remain- 
ing data will be adequate. “We have the right + 
data for this phase of COVID-19,’ said Nirav_ . 
Shah, CDC’s principal deputy director. Shah 
said the agency’s primary surveillance met- 
ric in the new regime will be hospitalization 
data, which will be reported from all hospi- 
tals weekly and not daily as it currently is. In 
an era in which people don’t test themselves 
or report results when they do, “Hospitaliza- 
tions provide the best national level view of 
COVID trends,” he said. 

Tools such as wastewater testing and ge- 
nomic sequencing will still be used, giving 
CDC a better grasp of SARS-CoV-2’s distribu- 
tion and evolution than for other common 
respiratory pathogens, Shah stressed. CO- 
VID-19-associated deaths will be published 
weekly as a percentage of all U.S. deaths. 

But some public health experts disagree 
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that the new data landscape will be ad- 
equate. “It is a mistake to unwind the data 
collection and reporting infrastructure 
too aggressively,’ says David O’Connor, a 
virologist at the University of Wisconsin- 
Madison. “I worry that ... will leave us more 
vulnerable the next time.” 

WHO’s decision to end the PHEIC carries 
risks, too, said Didier Houssin, chair of the 
agency’s emergency committee, comparing 
the situation to a hermit crab transitioning 
from one shell to another. The risks the com- 
mittee debated included that a new variant 
will take the world by surprise, that countries 
will lower their guard, and that access to vac- 
cines will become more difficult. But those 
risks had to be balanced with a realistic pic- 
ture of the waning pandemic, Houssin said. 

And keeping a PHEIC in place too long 
also carries risks, says Lawrence Gostin, di- 
rector of the O’Neill Institute for National 
and Global Health Law at Georgetown Uni- 
versity. “The public loses trust in WHO and 
other public health agencies.” Prolonged 
emergencies also dilute the power of such 
declarations, he says. The danger is that, “The 
public will not readily support declaring an 
emergency for future crises.” 

An ongoing WHO review of the Interna- 
tional Health Regulations should also ad- 
dress the uncertainty about when to end 
a PHEIC, says Alexandra Phelan, a global 
health expert at the John Hopkins Bloom- 
berg School of Public Health. “We have an 
opportunity to provide greater clarity about 
the end of PHEICs: How do we transition 
out of an emergency without losing politi- 
cal, financial, and technical commitment to 
addressing the structural and long-term im- 
pacts to public health?” 

In announcing the end of the PHEIC, 
Tedros said WHO will establish a review com- 
mittee tasked with developing “long-term, 
standing recommendations for countries on 
how to manage COVID-19 on an ongoing 
basis.” But many places have stopped do- 
ing much to combat the disease, says Gregg 
Gonsalves, a public health expert at the Yale 
School of Public Health. “Almost everywhere 
we've declared mission accomplished and we 
have no appetite for doing anything more to 
fight this disease,’ he says. “We’re willing to 
bake in a huge amount of morbidity and mor- 
tality to get back to normal [and] it doesn’t 
bode well for facing our future.” 

In his press conference, Tedros also urged 
all countries to do more to prepare for future 
pandemics. The tools to detect and respond 
to pandemics better are available, he said, 
“But globally, a lack of coordination, a lack 
of equity, and a lack of solidarity meant that 
those tools were not used as effectively as 
they could have been. Lives were lost that 
should not have been.” & 
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U.S., European researchers face 
monkey shortage crisis 


Two new reports highlight growing demand and shrinking 
availability of nonhuman primates for biomedical studies 


By David Grimm 


he supply of monkeys for research 

is shrinking in the United States 

and Europe, and access to remain- 

ing animals is becoming increasingly 

unreliable. That’s the dire message of 

two new reports, which conclude that 
the situation is compromising critical bio- 
medical research now—and will continue to 
do so well into the future. 

The U.S. report, released last week by 
the National Academies of Sciences, En- 
gineering, and Medicine, is the strongest 
official statement yet on the precarious 
state of monkey research. Sponsored by 
the National Institutes of Health (NIH) 
and based on information from govern- 
ment agencies, National Primate Research 
Centers, academic institutions, and more 
than 200 scientists who use nonhuman 
primates, it finds that nearly two-thirds of 
U.S. researchers have reported challenges in 
obtaining monkeys. This has delayed stud- 
ies, forced scientists to use fewer and less 
ideal animals (heavier or younger than the 
norm, for example), and, in some cases, has 
led to projects being abandoned. Monkey 
prices have also skyrocketed, putting these 
primates out of reach for many researchers. 

The shortage has developed as Asian 


sources of monkeys have dried up and do- 
mestic primate centers have been unable to 
expand their breeding programs enough to 
keep up with growing biomedical demand, 
the U.S. report says. The analysis also sug- 
gests that China is competing with the U.S. 
for the purchase of nonhuman primates from 
Southeast Asia, further straining supply. “Re- 
lying on importing these animals from other . 
countries is unsustainable,” the report argues. 

A European report released last month 
reached similar conclusions. The demand for 
research monkeys is so high in EU nations, 
and the supply is so low, that the EU will not 
be able to meet its goal of creating sustain- : 
able domestic breeding colonies of these ani- 
mals. “Unless a solution is found, nonhuman 
primate research in Europe will dwindle and 
even stop in certain places,” says Kirk Leech, 
executive director of the European Animal . 
Research Association. “We’re moving into a 
very uncertain world.” 

The reports come during perhaps the 
most tumultuous 3-year period in the his- 
tory of monkey research. The U.S. uses about 
70,000 monkeys per year in studies of the 
brain, infectious disease, and aging; the EU 
about 5000; and the U.K. about 2000. In the 
early days of COVID-19, China stopped ex- 
porting research monkeys, shutting off a key ; 
pipeline for the U.S. and U.K. The vast ma- 


Rhesus macaques at the Tulane National Primate Research Center, which breeds monkeys for U.S. researchers. 
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equate. “It is a mistake to unwind the data 
collection and reporting infrastructure 
too aggressively,’ says David O’Connor, a 
virologist at the University of Wisconsin- 
Madison. “I worry that ... will leave us more 
vulnerable the next time.” 

WHO’s decision to end the PHEIC carries 
risks, too, said Didier Houssin, chair of the 
agency’s emergency committee, comparing 
the situation to a hermit crab transitioning 
from one shell to another. The risks the com- 
mittee debated included that a new variant 
will take the world by surprise, that countries 
will lower their guard, and that access to vac- 
cines will become more difficult. But those 
risks had to be balanced with a realistic pic- 
ture of the waning pandemic, Houssin said. 

And keeping a PHEIC in place too long 
also carries risks, says Lawrence Gostin, di- 
rector of the O’Neill Institute for National 
and Global Health Law at Georgetown Uni- 
versity. “The public loses trust in WHO and 
other public health agencies.” Prolonged 
emergencies also dilute the power of such 
declarations, he says. The danger is that, “The 
public will not readily support declaring an 
emergency for future crises.” 

An ongoing WHO review of the Interna- 
tional Health Regulations should also ad- 
dress the uncertainty about when to end 
a PHEIC, says Alexandra Phelan, a global 
health expert at the John Hopkins Bloom- 
berg School of Public Health. “We have an 
opportunity to provide greater clarity about 
the end of PHEICs: How do we transition 
out of an emergency without losing politi- 
cal, financial, and technical commitment to 
addressing the structural and long-term im- 
pacts to public health?” 

In announcing the end of the PHEIC, 
Tedros said WHO will establish a review com- 
mittee tasked with developing “long-term, 
standing recommendations for countries on 
how to manage COVID-19 on an ongoing 
basis.” But many places have stopped do- 
ing much to combat the disease, says Gregg 
Gonsalves, a public health expert at the Yale 
School of Public Health. “Almost everywhere 
we've declared mission accomplished and we 
have no appetite for doing anything more to 
fight this disease,’ he says. “We’re willing to 
bake in a huge amount of morbidity and mor- 
tality to get back to normal [and] it doesn’t 
bode well for facing our future.” 

In his press conference, Tedros also urged 
all countries to do more to prepare for future 
pandemics. The tools to detect and respond 
to pandemics better are available, he said, 
“But globally, a lack of coordination, a lack 
of equity, and a lack of solidarity meant that 
those tools were not used as effectively as 
they could have been. Lives were lost that 
should not have been.” & 
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U.S., European researchers face 
monkey shortage crisis 


Two new reports highlight growing demand and shrinking 
availability of nonhuman primates for biomedical studies 


By David Grimm 


he supply of monkeys for research 

is shrinking in the United States 

and Europe, and access to remain- 

ing animals is becoming increasingly 

unreliable. That’s the dire message of 

two new reports, which conclude that 
the situation is compromising critical bio- 
medical research now—and will continue to 
do so well into the future. 

The U.S. report, released last week by 
the National Academies of Sciences, En- 
gineering, and Medicine, is the strongest 
official statement yet on the precarious 
state of monkey research. Sponsored by 
the National Institutes of Health (NIH) 
and based on information from govern- 
ment agencies, National Primate Research 
Centers, academic institutions, and more 
than 200 scientists who use nonhuman 
primates, it finds that nearly two-thirds of 
U.S. researchers have reported challenges in 
obtaining monkeys. This has delayed stud- 
ies, forced scientists to use fewer and less 
ideal animals (heavier or younger than the 
norm, for example), and, in some cases, has 
led to projects being abandoned. Monkey 
prices have also skyrocketed, putting these 
primates out of reach for many researchers. 

The shortage has developed as Asian 


sources of monkeys have dried up and do- 
mestic primate centers have been unable to 
expand their breeding programs enough to 
keep up with growing biomedical demand, 
the U.S. report says. The analysis also sug- 
gests that China is competing with the U.S. 
for the purchase of nonhuman primates from 
Southeast Asia, further straining supply. “Re- 
lying on importing these animals from other 
countries is unsustainable,” the report argues. 

A European report released last month 
reached similar conclusions. The demand for 
research monkeys is so high in EU nations, 
and the supply is so low, that the EU will not 
be able to meet its goal of creating sustain- 
able domestic breeding colonies of these ani- 
mals. “Unless a solution is found, nonhuman 
primate research in Europe will dwindle and 
even stop in certain places,” says Kirk Leech, 
executive director of the European Animal 
Research Association. “We’re moving into a 
very uncertain world.” 

The reports come during perhaps the 
most tumultuous 3-year period in the his- 
tory of monkey research. The U.S. uses about 
70,000 monkeys per year in studies of the 
brain, infectious disease, and aging; the EU 
about 5000; and the U.K. about 2000. In the 
early days of COVID-19, China stopped ex- 
porting research monkeys, shutting off a key 
pipeline for the U.S. and U.K. The vast ma- 


Rhesus macaques at the Tulane National Primate Research Center, which breeds monkeys for U.S. researchers. 
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jority of these were cynomolgus macaques 
(or cynos), a species mostly used by private 
industry for drug and vaccine research. (Rhe- 
sus macaques, the primary monkey species 
used in U.S. academic labs, are mostly bred 
domestically in the U.S.) 

The U.S. and other countries were able to 
make up for some of the shortfall by import- 
ing more monkeys from Southeast Asia and 
the Indian Ocean island of Mauritius. But the 
pandemic spiked demand, sucking up mon- 
keys for vaccine research. “COVID left the 
cupboard bare, and were still struggling to 
recover,’ says Jonah Sacha, an immunologist 
at Oregon Health & Science University who 
uses rhesus macaques and cynos to study 
various infectious diseases. 

Last year, Air France became the final 
major airline to refuse to transport mon- 
keys for research, increasing the difficulty 
of getting these animals to labs. The In- 
ternational Union for Conservation of Na- 
ture also classified cynos as endangered, 
prompting fears that the animals would 
become even harder to import. 

Then, in November 2022, Cambodia— 
which had largely made up for the shuttered 
Chinese pipeline by supplying more than 
29,000 cynos in 2020, the vast majority to 
the U.S.—was hit with a major smuggling 
scandal. U.S. investigators charged several in- 
dividuals with illegally exporting wild-caught 
cynos to the U.S. and falsely labeling them as 
captive-bred. 

Since then, two of the world’s largest 
suppliers of cynos—Inotiv and Charles 
River Laboratories—have stopped their im- 
ports from Cambodia. Both companies tell 
Science they are working on new guidelines 
that would ensure any monkeys they import 
have a legitimate provenance. 

Domestic breeding facilities in the U.S. 
and Europe have also struggled to meet de- 
mand. “There are certain categories of re- 
search we’ve had to abandon,” says JoAnne 
Flynn, a microbiologist at the University of 
Pittsburgh who studies tuberculosis in both 
cynos and rhesus macaques. The high price 
of monkeys is limiting the number of stud- 
ies she can do, she says, because her NIH 
grants don’t allow for the extra expense. 
“It’s an enormous problem.” 

Sacha says the situation is especially bad 
for cynos, which he must purchase from 
private suppliers. “Before the pandemic, 
you could get them almost instantaneously 
for about $2000. Now, it’s taking at least 
a year and half, and I’m competing with 
others willing to pay more than $19,000 
per animal.” To combat supply problems, 
the National Academies report says the 
U.S. should expand domestic breeding pro- 
grams and increase coordination between 
the various domestic monkey suppliers. 


568 12 MAY 2023 + VOL 380 ISSUE 6645 


The country should also continue to invest 
in nonanimal research tools such as “organ 
on a chip” technology, which the report 
says are looking more promising than ever, 
though not quite ready for prime time. 

Joyce Cohen, associate director of animal 
resources at the Emory National Primate Re- 
search Center, says even if all of the money 
and infrastructure for a domestic breeding 
program materialized tomorrow, it could 
take 4: to 5 years to start providing even some 
of the animals academic scientists need. Ex- 
panding current primate research centers 
to meet that need could cost hundreds of 
millions of dollars. Still, Cohen hopes these 
challenges won’t dissuade NIH from seri- 
ously considering the investment. “You have 
to start somewhere.” 

Sacha says he feels vindicated by the Na- 
tional Academies report. “It goes right to the 
heart of what we’ve been saying for the past 
5 to 10 years,” he says. “This is where our 
medicine comes from. We have to invest in 
this. This is the health of America.” 

Flynn agrees. “China is cornering the 
market on monkey research,” she says. 
“If we don’t maintain our scientific infra- 
structure in the future, who’s going to own 
the vaccines?” 

The EU’s problems are even more stark, 
Leech says. Its solution also lies in more do- 
mestic breeding. But unlike the U.S., the EU 
cannot legally import wild-caught monkeys 
to start or supplement breeding colonies. 
That’s a huge obstacle, he says. “I don’t see 
any short-term solution to this problem.” 

Eric Kleiman, a researcher at the Ani- 
mal Welfare Institute, an animal advocacy 
group, says he hopes the supply crisis will 
force scientists and government agencies 
to more seriously consider—and invest in— 
alternatives to animals in research. “In- 
creased domestic breeding is not a panacea.” 

A U.S. consultant on industry and aca- 
demic monkey research says major pharma- 
ceutical and biotech companies are getting 
“a lot more serious” about investing in do- 
mestic breeding. “There is a rising level of 
concern that this is a major issue,” says the 
source, who has worked in the field for de- 
cades but asked not to be named because 
of concerns about damaging relationships 
with his clients. “There have been discus- 
sions about whether and how they should 
all work together to ensure supply.” 

But as the crisis intensifies, he says 
companies may need to start asking them- 
selves whether the amount of money and 
effort it’s going to take to meet demand is 
worth it—or even possible. Depending on 
the answer, the biomedical industry may 
need to rethink its priorities, he says: “Are 
we in the drug discovery business, or are 
we in the monkey breeding business?” 
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Fake papers—a symptom 
of academia’s “publish 

or perish” pressure— 

are alarmingly common, 
new findings suggest 


By Jeffrey Brainard 


hen neuropsychologist Bernhard 
Sabel put his new fake-paper de- 
tector to work, he was “shocked” 
by what it found. After screening 
some 5000 papers, he estimates 
up to 34% of neuroscience papers 
published in 2020 were likely made up or 
plagiarized; in medicine, the figure was 24%. 
Both numbers, which he and colleagues re- 
port in a medRxiv preprint this week, are 
well above levels they calculated for 2010— 
and far larger than the 2% baseline esti- 
mated in a 2022 publishers’ group report. 
“Tt is just too hard to believe” at first, says 
Sabel of Otto von Guericke University Mag- 
deburg and editor-in-chief of Restorative 
Neurology and Neuroscience. It’s as if “some- 
body tells you 30% of what you eat is toxic.” 
His findings underscore what was widely 
suspected: Journals are awash in a rising 
tide of scientific manuscripts from paper 
mills—secretive businesses that allow re- 
searchers to pad their publication records 
by paying for fake papers or undeserved 
authorship. “Paper mills have made a for- 
tune by basically attacking a system that 
has had no idea how to cope with this 
stuff,’ says Dorothy Bishop, a University of 
Oxford psychologist who studies fraudu- 
lent publishing practices. A 2 May an- 
nouncement from the publisher Hindawi 
underlined the threat: It shut down four of 
its journals it found were “heavily compro- 
mised” by articles from paper mills. 
Sabel’s tool relies on just two indicators— 
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jority of these were cynomolgus macaques 
(or cynos), a species mostly used by private 
industry for drug and vaccine research. (Rhe- 
sus macaques, the primary monkey species 
used in U.S. academic labs, are mostly bred 
domestically in the U.S.) 

The U.S. and other countries were able to 
make up for some of the shortfall by import- 
ing more monkeys from Southeast Asia and 
the Indian Ocean island of Mauritius. But the 
pandemic spiked demand, sucking up mon- 
keys for vaccine research. “COVID left the 
cupboard bare, and were still struggling to 
recover,’ says Jonah Sacha, an immunologist 
at Oregon Health & Science University who 
uses rhesus macaques and cynos to study 
various infectious diseases. 

Last year, Air France became the final 
major airline to refuse to transport mon- 
keys for research, increasing the difficulty 
of getting these animals to labs. The In- 
ternational Union for Conservation of Na- 
ture also classified cynos as endangered, 
prompting fears that the animals would 
become even harder to import. 

Then, in November 2022, Cambodia— 
which had largely made up for the shuttered 
Chinese pipeline by supplying more than 
29,000 cynos in 2020, the vast majority to 
the U.S.—was hit with a major smuggling 
scandal. U.S. investigators charged several in- 
dividuals with illegally exporting wild-caught 
cynos to the U.S. and falsely labeling them as 
captive-bred. 

Since then, two of the world’s largest 
suppliers of cynos—Inotiv and Charles 
River Laboratories—have stopped their im- 
ports from Cambodia. Both companies tell 
Science they are working on new guidelines 
that would ensure any monkeys they import 
have a legitimate provenance. 

Domestic breeding facilities in the U.S. 
and Europe have also struggled to meet de- 
mand. “There are certain categories of re- 
search we’ve had to abandon,” says JoAnne 
Flynn, a microbiologist at the University of 
Pittsburgh who studies tuberculosis in both 
cynos and rhesus macaques. The high price 
of monkeys is limiting the number of stud- 
ies she can do, she says, because her NIH 
grants don’t allow for the extra expense. 
“It’s an enormous problem.” 

Sacha says the situation is especially bad 
for cynos, which he must purchase from 
private suppliers. “Before the pandemic, 
you could get them almost instantaneously 
for about $2000. Now, it’s taking at least 
a year and half, and I’m competing with 
others willing to pay more than $19,000 
per animal.” To combat supply problems, 
the National Academies report says the 
U.S. should expand domestic breeding pro- 
grams and increase coordination between 
the various domestic monkey suppliers. 
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The country should also continue to invest 
in nonanimal research tools such as “organ 
on a chip” technology, which the report 
says are looking more promising than ever, 
though not quite ready for prime time. 

Joyce Cohen, associate director of animal 
resources at the Emory National Primate Re- 
search Center, says even if all of the money 
and infrastructure for a domestic breeding 
program materialized tomorrow, it could 
take 4: to 5 years to start providing even some 
of the animals academic scientists need. Ex- 
panding current primate research centers 
to meet that need could cost hundreds of 
millions of dollars. Still, Cohen hopes these 
challenges won’t dissuade NIH from seri- 
ously considering the investment. “You have 
to start somewhere.” 

Sacha says he feels vindicated by the Na- 
tional Academies report. “It goes right to the 
heart of what we’ve been saying for the past 
5 to 10 years,” he says. “This is where our 
medicine comes from. We have to invest in 
this. This is the health of America.” 

Flynn agrees. “China is cornering the 
market on monkey research,” she says. 
“If we don’t maintain our scientific infra- 
structure in the future, who’s going to own 
the vaccines?” 

The EU’s problems are even more stark, 
Leech says. Its solution also lies in more do- 
mestic breeding. But unlike the U.S., the EU 
cannot legally import wild-caught monkeys 
to start or supplement breeding colonies. 
That’s a huge obstacle, he says. “I don’t see 
any short-term solution to this problem.” 

Eric Kleiman, a researcher at the Ani- 
mal Welfare Institute, an animal advocacy 
group, says he hopes the supply crisis will 
force scientists and government agencies 
to more seriously consider—and invest in— 
alternatives to animals in research. “In- 
creased domestic breeding is not a panacea.” 

A U.S. consultant on industry and aca- 
demic monkey research says major pharma- 
ceutical and biotech companies are getting 
“a lot more serious” about investing in do- 
mestic breeding. “There is a rising level of 
concern that this is a major issue,” says the 
source, who has worked in the field for de- 
cades but asked not to be named because 
of concerns about damaging relationships 
with his clients. “There have been discus- 
sions about whether and how they should 
all work together to ensure supply.” 

But as the crisis intensifies, he says 
companies may need to start asking them- 
selves whether the amount of money and 
effort it’s going to take to meet demand is 
worth it—or even possible. Depending on 
the answer, the biomedical industry may 
need to rethink its priorities, he says: “Are 
we in the drug discovery business, or are 
we in the monkey breeding business?” 
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Fake papers—a symptom 
of academia’s “publish 

or perish” pressure— 

are alarmingly common, 
new findings suggest 


By Jeffrey Brainard 


hen neuropsychologist Bernhard 
Sabel put his new fake-paper de- 
tector to work, he was “shocked” 
by what it found. After screening 
some 5000 papers, he estimates 
up to 34% of neuroscience papers 
published in 2020 were likely made up or 
plagiarized; in medicine, the figure was 24%. 
Both numbers, which he and colleagues re- 
port in a medRxiv preprint this week, are 
well above levels they calculated for 2010— 
and far larger than the 2% baseline esti- 
mated in a 2022 publishers’ group report. 
“Tt is just too hard to believe” at first, says 
Sabel of Otto von Guericke University Mag- 
deburg and editor-in-chief of Restorative 
Neurology and Neuroscience. It’s as if “some- 
body tells you 30% of what you eat is toxic.” 
His findings underscore what was widely 
suspected: Journals are awash in a rising 
tide of scientific manuscripts from paper 
mills—secretive businesses that allow re- 
searchers to pad their publication records 
by paying for fake papers or undeserved 
authorship. “Paper mills have made a for- 
tune by basically attacking a system that 
has had no idea how to cope with this 
stuff,’ says Dorothy Bishop, a University of 
Oxford psychologist who studies fraudu- 
lent publishing practices. A 2 May an- 
nouncement from the publisher Hindawi 
underlined the threat: It shut down four of 
its journals it found were “heavily compro- 
mised” by articles from paper mills. 
Sabel’s tool relies on just two indicators— 
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authors who use private, noninstitutional 
email addresses, and those who list an af- 
filiation with a hospital. It isn’t a perfect so- 
lution, because of a high false-positive rate. 
Other developers of fake-paper detectors, 
who often reveal little about how their tools 
work, contend with similar issues. 

Still, the detectors raise hopes for gaining 
the advantage over paper mills, which churn 
out bogus manuscripts containing text, data, 
and images partly or wholly plagiarized or 
fabricated, often massaged by ghost writers. 
Some papers are endorsed by unrigorous 
reviewers solicited by the authors. Such 
manuscripts threaten to corrupt the scien- 
tific literature, misleading readers and po- 
tentially distorting systematic reviews. The 
recent advent of artificial intelligence tools 
such as ChatGPT has amplified the concern. 

To fight back, the International Asso- 
ciation of Scientific, Technical, and Medical 
Publishers (STM), representing 120 publish- 
ers, is leading an effort called the Integrity 
Hub to develop new tools. STM is not re- 
vealing much about the detection methods, 
to avoid tipping off paper mills. “There is a 
bit of an arms race,” says Joris van Rossum, 
the Integrity Hub’s product director. He did 
say one reliable sign of a fake is referencing 
many retracted papers; another involves 
manuscripts and reviews emailed from in- 
ternet addresses crafted to look like those of 
legitimate institutions. 

Twenty publishers—including the larg- 
est, such as Elsevier, Springer Nature, and 
Wiley—are helping develop the Integrity 
Hub tools, and 10 of the publishers are 
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expected to use a paper mill detector the 
group unveiled in April. STM also expects 
to pilot a separate tool this year that de- 
tects manuscripts simultaneously sent to 
more than one journal, a practice consid- 
ered unethical and a sign they may have 
come from paper mills. Such large-scale 
cooperation is meant to improve on what 
publishers were doing individually and to 
share tools across the publishing industry, 
van Rossum says. 

“Tt will never be a [fully] automated pro- 
cess,” he says. Rather, the tools are like “a 
spam filter ... you still want to go through 
your spam filter every week” to check for er- 
roneously flagged legitimate content. 

STM hasn’t yet generated figures on ac- 
curacy or false-positive rates because the 
project is too new. But catching as many 
fakes as possible typically produces more 
false positives. Sabel’s tool correctly flagged 
nearly 90% of fraudulent or retracted pa- 
pers in a test sample. For every 56 true fakes 
it detected, however, it erroneously flagged 
44 genuine papers, so results still need to be 
confirmed by skilled reviewers. Other paper 
mill detectors typically have a similar trade- 
off, says Adam Day, founding director of a 
startup called Clear Skies who consulted with 
STM on the Integrity Hub. But without some 
reliance on automated methods, “You either 
have to spot check randomly, or you use your 
own human prejudice to choose what to 
check. And that’s not generally very fair.” 

Scrutinizing suspect papers can be time- 
consuming: In 2021, Springer Nature's post- 
publication review of about 3000 papers 


suspected of coming from paper mills re- 
quired up to 10 part- and full-time staffers, 
said Chris Graf, the company’s director of 
research integrity, at a U.S. House of Rep- 
resentatives subcommittee hearing about 
paper mills in July 2022. (Springer Nature 
publishes about 400,000 papers annually.) 

Newly updated guidelines for journals is- 
sued in April may help ease the workload. 
They may decide to reject or retract batches 
of papers suspected of having been produced 
by a paper mill, even if the evidence is cir- 
cumstantial, says the nonprofit Committee 
on Publication Ethics, which is funded by 
publishers. Its previous guidelines encour- 
aged journals to ask authors of each suspi- 
cious paper for more information, which can 
trigger a lengthy back and forth. 

Some outsiders wonder whether jour- 
nals will make good on promises to crack 
down. Publishers embracing gold open 
access—under which journals collect a fee 
from authors to make their papers imme- 
diately free to read when published—have 
a financial incentive to publish more, not 
fewer, papers. They have “a huge conflict of 
interest” regarding paper mills, says Jennifer 
Byrne of the University of Sydney, who has 
studied how paper mills have doctored can- 
cer genetics data. 

The “publish or perish” pressure that insti- 
tutions put on scientists is also an obstacle. 
“We want to think about engaging with insti- 
tutions on how to take away perhaps some of 
the [professional] incentives which can have 
these detrimental effects,’ van Rossum says. 
Such pressures can push clinicians without 
research experience to turn to paper mills, 
Sabel adds, which is why hospital affilia- 
tions can be a red flag. 

Day sees some hope: Flagging journals 
suspected of being targeted by paper mills 
can quickly deter additional fraudulent sub- 
missions. He points to his analysis of jour- 
nals that the Chinese Academy of Sciences 
(CAS) put on a public list because of sus- 
picions they contained paper mill papers. 
His company’s Papermill Alarm detector 
showed that before the CAS list came out, 
suspicious papers made up the majority 
of some journals’ content; afterward, the 
proportion dropped to nearly zero within 
months. Journals could drive a similar crash 
by using automated detectors to flag suspi- 
cious manuscripts, nudging paper mills to 
take them elsewhere, Day says. 

Some observers worry paper mill papers 
will merely migrate to lower impact journals 
with fewer resources to detect them. But if 
many journals act collectively, the viability of 
the entire paper mill industry could shrink. 

It’s not necessary to catch every fake paper, 
Day says. “It’s about having practices which 
are resistant to their business model.” 
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In Mexico, the world’s last wild 
axolotls face extinction 


Scientists push to save the unusual salamander 


By Richard Stone, in Mexico City 


t’s not yet noon on a Wednesday at Lake 
Xochimilco, a mosaic of ponds and 
canals to the south of this sprawling 
metropolis, but revelers on a brightly 
colored tourist boat have already bro- 
ken out the beer and are whooping it up. 
On another boat, a mariachi band tunes up. 
Carlos Uriel Sumano Arias, paddling a flat- 
bottomed chalupa belonging to the National 
Autonomous University of Mexico (UNAM), 
slips into a quiet canal and lays up next to 
a chinampa, an artificial island for growing 
crops—a farming system invented by the Az- 
tecs. “I’d like to show you an axolotl,” he says. 

A darling of regenerative medicine, the 
axolotl (Ambystoma mexicanum) can re- 
grow severed limbs, its eyes, its frilly external 
gills, and even brain tissue. About 1 million 
are in captivity in labs and aquariums world- 
wide. Cute to some, grotesque to others, the 
salamander has also made its mark in pop 
culture, appearing as a character in on- 
line games. In Mexico, its image graces the 
50 peso note. The axolotl is omnipresent— 
and at the same time, vanishing. The only 
remaining wild population is making its last 
stand here, in canals isolated from a former 
habitat that has become too hostile to sus- 
tain it. 

Now, this haven is also in jeopardy. Entre- 
preneurs have been buying up chinampas, 
converting some to soccer fields and build- 
ing pavilions on others for torch-lit feasts. 
“This gentrification phenomenon is a huge 
threat,’ as the businesses are less invested 
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than the farmers in keeping the canals clean, 
says Luis Zambrano Gonzalez, a UNAM bio- 
logist who has spent 20 years trying to stave 
off the axolotl’s extinction. 

The animal’s best shot may be aggressive 
habitat restoration. Zambrano hopes to ex- 
pand the number of canal refuges from the 
current 20, totaling 5 kilometers of water- 
ways, to 200—enough, he says, to sustain 
a viable population. “A species is not a spe- 
cies if it’s not in its environment,” he argues. 
Others see salvation in breeding axolotls 
with closely related species, which could in- 
troduce genetic variation that might make 
wild or captive populations more resilient. 
“Other Ambystoma populations have re- 
cently swapped genes with the axolotl and 
are genetically similar,’ says biologist David 
Weisrock of the University of Kentucky. “All 
hope is not lost.” 

The 15 Ambystoma species found in cen- 
tral Mexico share a genetic heritage with the 
tiger salamander (4. tigrinum). Like most 
amphibians, it has gills and lives in the wa- 
ter as a larva before moving onto land as an 
air-breathing adult. But when axolotl an- 
cestors colonized isolated lakes across the 
region, starting about 1 million years ago, 
ample food and few predators spurred a re- 
markable adaptation: Salamanders in some 
lakes began to spend their entire lives under- 
water, retaining juvenile features. “If there’s 
no pressure to get out ... you can become 
sexually mature without having to leave the 
pond,” Weisrock says. The axolotl is one of 
four central Mexico species that rarely, if 
ever, metamorphose in the wild. 


have reduced wild axolotl numbers. 


The Aztecs revered the axolotl, believing it 
to be the incarnation of Xolotl, a god of death 
and transformation. But after the Spanish 
founded Mexico City, they drained nearby 
lakes, shrinking axolotl habitat. The amphib- 
ian suffered another blow in the 1970s and 
80s, when authorities introduced carp and 
tilapia into Xochimilco as food for the area’s 
burgeoning population. Both species prey 
on axolotl eggs and young. Compounding 
the salamander’s woes, the shallow waters 
have grown warmer and more polluted. A 
1998 survey tallied 6000 axolotls per square 
kilometer. But the latest census, completed in 
2015, estimated just 36 per square kilometer. 

By now the salamander appears to have 
vanished from most of Xochimilco. Over the 
past 2 years, Alejandro Maeda-Obregon, a 
Ph.D. student at University College London 
(UCL), analyzed DNA from the lake’s water, 
looking for signs of axolotls and other en- 
dangered species. Maeda-Obregén, working 
with UCL'’s Julia Day and Elizabeth Clare at 
York University, has so far failed to detect mi- 
tochondrial axolotl sequences in Xochimil- 
co’s touristed stretches. “That’s a collapsed 
ecosystem,” he says. They have now turned to 
the refuges, probing for axolotls known from 
past surveys to be living there. 

The axolotl’s close kinship with other 
Ambystoma salamanders could allow bio- 
logists to reinvigorate the species by breed- 
ing it with relatives. Scientists are investi- 
gating the source of this unusual genetic 
similarity, says UNAM geneticist Gabriela 
Parra Olea. She suspects that the plateau ti- 
ger salamander (A. velasci) may have been 
“the promoter of genetic uniformity.” As a 
terrestrial adult, it may have crawled from 
lake to lake, mating with local salamanders. 

Zambrano hopes such interventions won't 
be necessary for Xochimilco’s axolotls. He 
and his team are working to create more 
havens, free of predatory fish, by closing off . 
canals with nets or rock barriers. In one such 
refuge, the water is clear and cool. “Axolotls 
can do fine here,’ Sumano says. Nearby, in 
the shade, are two water tanks. He leans over 
one and points out an axolotl larva, a few 
centimeters long, paddling along the edge. 
In the other swim mature axolotls that are 
10 times bigger. The team is waiting on per- 
mits to release the captives. 

Zambrano hopes to “turn our gentrifica- 
tion problem into an opportunity” by raising 
money from developers to create refuges. 
He recently launched an “axolotl adoption” 
campaign to restore habitats and support 
farmers who monitor the refuges. “The next 
5 years are critical,’ he says. For the salaman- 
der of the gods, time is running out. 


science.org SCIENCE 


NEWS | IN DEI] 6 


BIOMEDICINE | one 


PHOTO: EVAN VUCCI/AP 


Latest Alzheimer’s antibody is ‘not a miracle drug’ 


Results on Eli Lilly’s donanemab highlight stark risk-benefit trade-offs 


By John Travis 


s Alzheimer’s disease about to become 
truly treatable? Some scientists raised 
the possibility last week after Eli Lilly 
and Co. announced positive results 
from its key phase 3 trial of donanemab, 
an antibody designed to prevent or re- 
duce the accumulation of a protein called 
beta amyloid in the brain. It was only the 
second experimental drug to clearly stem 
the cognitive and functional decline of 
people with early signs of Alzheimer’s. 
Following comparable results a year ago 
for a similar antibody, lecanemab, the an- 
nouncement raises the prospect 
of widespread use of the drugs, 
expensive monoclonal antibodies 
that must be given by infusion. 

“This is monumental and 
aligns very closely to lecanemab 
as far as the amount of benefit,’ 
says Donna Wilcock, an Alzheim- 
er’s disease scientist at Indiana 
University. “In fact, it looks like 
donanemab may have greater ben- 
efit, although the trial designs do 
not allow direct comparison.” 

But the preliminary § don- 
anemab results, presented so far 
only in a company press release, 
also reveal a sobering risk of 
brain swelling and hemorrhaging. 
The side effects may be linked to 
three deaths in the clinical trial 
and echo hazards seen with lec- 
anemab, developed by Eisai and 
Biogen. With the U.S. Food and Drug Ad- 
ministration considering full approval for 
lecanemab next month and Eli Lilly vow- 
ing to quickly submit donanemab for FDA 
review, patients, families, and caregivers 
may soon face difficult conversations about 
whether to risk immediate harm for the 
benefits of these therapies, which appear 
modest at best so far. 

Donanemab is “not a miracle drug,” cau- 
tions Sorbonne University neurologist 
Nicolas Villain, who helped test lecanemab 
and believes Eli Lilly’s antibody may carry 
even higher risks. Still, many Alzheimer’s 
researchers see the trial results for both 
drugs as vindication for the long-held but 
contested hypothesis that amyloid buildup 
in the brain drives the fatal neurodegenera- 
tive disorder. They hope the drugs’ partial 
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success inspires better, safer interventions 
to fight amyloid buildup. 

Both donanemab and lecanemab bind 
to beta amyloid, which forms extracellular 
deposits known as plaques. Brain scans 
taken during Eli Lilly’s phase 3 trial of more 
than 1700 people showed that donanemab 
cleared the protein effectively. In more than 
half of participants, amyloid plaques fell 
to a level Eli Lilly had set as a criterion for 
stopping the monthly antibody infusions. 

More importantly, over 18 months, cog- 
nitive and physical functions declined 
more slowly in the treatment group than 
in the placebo group. The antibody slowed 


Eli Lilly has shown that an antibody helps clear amyloid protein from the brain, 
even in Alzheimer’s patients with high levels of the tau protein. 


the disease’s expected progression by 35% 
based on a scale Eli Lilly developed and by 
36% on the more widely used Clinical De- 
mentia Rating-Sum of Boxes, or CDR-SB, 
scale, which ranks dementia severity on an 
18-point scale. The results echo those for 
lecanemab, which showed a 27% slowing 
after 18 months. 

Eli Lilly also reported that 47% of the 
treated trial participants showed no wors- 
ening of symptoms based on the CDR-SB, 
compared with 29% among the placebo 
group. And on average treated individuals 
maintained a greater ability to perform key 
daily activities such as using the toilet inde- 
pendently and dressing themselves. 

Eli Lilly says it plans to reveal more data at 
a meeting in July and in a forthcoming pub- 
lication, but some outside researchers ques- 


tion how meaningful the clinical benefits are. 
The absolute difference between treatment 
and placebo groups on the CDR-SB was just 
under 0.7; some researchers argue it takes at 
least a full point on that scale to represent a 
clear difference in disease severity. But oth- 
ers say the slowing could be enough to make 
a difference for patients and caregivers. 

Eli Lilly’s trial also looked at another 
brain protein, tau, that many researchers 
have linked to neurodegeneration. Unlike 
beta amyloid, which forms plaques outside 
brain cells, tau malfunctions inside neu- 
rons, forming clumps known as tangles. 
Their presence tends to indicate more ad- 
vanced disease. Eli Lilly expected 
that people with less tau would be 
more responsive to the antibody 
treatment, and they were, sug- 
gesting that early treatment may 
be critical. But it appeared to have 
some benefit even in those with 
high tau levels. 

Other trial results are less 
heartening. Lecanemab has been 
linked to several deaths and cases 
of severe brain damage, as well 
as to brain swelling and hemor- 
rhaging, and Eli Lilly’s antibody 
comes with similar hazards. A 
form of brain swelling known as 
ARIA-E occurred in 24% of people 
who received it, with about 6% 
reporting symptoms. A more se- 
vere condition involving micro- 
hemorrhages, ARIA-H, affected 
31.4% of antibody-treated people, 
versus 13.6% of the placebo groups. (Both 
forms of ARIA are known symptoms of Al- . 
zheimer’s disease.) Eli Lilly says most ARIA 
cases were “mild to moderate” and _ stabi- 
lized after “appropriate management,” but 
the company acknowledges the incidence of 
“serious” ARIA was 1.6%. It did not disclose 
details about the three deaths. 

“Looks as dangerous as_ lecanemab,” 
tweeted Robert Howard, a psychiatrist at 
University College London who has tested 
treatments for dementia. 

Many questions about the drugs remain to 
be answered, such as whether the antibody 
benefits endure and whether even rich coun- 
tries can afford the treatments. The weighing 
of hope and caution is just beginning. 


With reporting by Charles Piller. 
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GIVING HEART 


A new procedure for donating hearts and other organs is saving lives. 
But for some it challenges the definition of death 


na chilly holiday Monday in Janu- 
ary 2020, a medical milestone 
passed largely unnoticed. In a New 
York City operating room, surgeons 
gently removed the heart from a 
43-year-old man who had died and 
shuttled it steps away to a patient 

in desperate need of a new one. 
More than 3500 people in the 
United States receive a new heart each year. 
But this case was different—the first of its 
kind in the country. “It took us 6 months to 
prepare,” says Nader Moazami, surgical head 
of heart transplantation at New York Uni- 
versity (NYU) Langone Health, where the 
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operation took place. The run-up included 
oversight from an ethics board, education 
sessions with nurses and anesthesiologists, 
and lengthy conversations with the local 
organization that represents organ donor 
families. Physicians spent hours practicing 
in the hospital’s cadaver lab, prepping for 
organ recovery from the donor. “We wanted 
to make sure that we controlled every as- 
pect,’ Moazami says. 

That’s because this donor, unlike most, was 
not declared dead because of loss of brain 
function. He had been suffering from end- 


stage liver disease and was comatose and 
on a ventilator, with no hope of regaining 
consciousness—but his brain still showed ac- 
tivity. His family made the wrenching choice 
to remove life support. Following that deci- 
sion, they expressed a wish to donate his or- 
gans, even agreeing to transfer him to NYU 
Langone Health before he died so his heart 
could be recovered afterward. 

In individuals declared brain dead, or- 
gans can be recovered before life support is 
disconnected, as these people have already 
died; such machinery keeps organs oxygen- 
ated and healthy prior to transplant. But for 
this man the donation process would be al- 
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tered: Life support had to be withdrawn for 
death to occur. His heart stopped, and his 
circulation with it. 

As is customary regardless of whether 
organs will be donated, physicians waited 
5 minutes to ensure that the heart didn’t 
start beating again on its own. It did not, 
and the man was declared dead. The ba- 
ton then passed to the organ recovery and 
transplant team. They clamped blood ves- 
sels running from the torso to the brain and 
reconnected his body to machines that cir- 
culated oxygenated blood, causing the heart 
to begin pumping again. 

These two interventions—initiating a 
heartbeat after death is declared and taking 
steps to prevent blood flow to the brain—are 
at the core of a raging debate about the eth- 
ics of such donations. To some people, the 
approach risks disrupting the dying process; 
to others, it allows that process to continue 
as the family desires, while also honoring in- 
dividual or family wishes for organ donation. 

The debate touches on the definition 
of death, Moazami says. “When the heart 
stops, we say, ‘time of death, 5:20 a.m.” But, 
“The fact of the matter is, death is a process. 
Death is not a time point.” Cells can take 
hours to die. Sophisticated machinery can 
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induce a heartbeat hours after death, but 
does that make a person “alive”? 

An expanding number of hospitals and 
organ procurement organizations (OPOs), 
which work with donor families, support 
this novel category of donations, and the 
number performed in the U.S. is growing. 
“I had about 3 months, tops,” left to live, 
says Tony Donatelli, 41, who lives near San 
Diego with his wife and two young chil- 
dren, and who developed a rare disease 
that causes a dangerous buildup of protein 
in the body. On Valentine’s Day 2022, he be- 
came the first person in the world known 
to receive a heart, liver, and kidney from 
a donor whose organs were perfused after 
circulatory death. Donatelli is back to surf- 
ing, woodworking, and wrestling on the 
floor with his sons. “I cannot tell you how 
lucky I am,” he says. 

Yet professional groups have expressed 
dueling views about the organ donation 
strategy, and a paper in press urges more 
research. Some countries are holding off 
on these organ donations, whereas others 
embrace them. One OPO says families who 
welcome donation do so without regard for 
the organ recovery technique, as such gifts 
can bring comfort after a terrible loss; an- 


Tony Donatelli (right, bottom) was the first person 
ever to receive a heart, liver, and kidney through 
anew donation procedure. “I cannot tell you how 
lucky | am,” he says. 


other worries that without more research 
and greater attention to legal and ethical 
questions, there’s a risk fewer people may 
volunteer to be organ donors. Meanwhile, 
surgeons say this category of donors could 
increase heart transplants by up to 30%, sav- 
ing lives with organs that would otherwise 
go unused. 

“There is definitely that initial reaction 
that there’s something different” about 
this, says Anji Wall, an abdominal trans- 
plant surgeon and bioethicist at Baylor 
University Medical Center. Although Wall 
acknowledges the complexities, she sup- 
ports such transplants and has performed 
them herself. “At the end of the day, the do- 
nor is dead,’ she says. “What you do does 
not make them alive again.” 


ORGAN TRANSPLANTATION has evolved and 
flourished from its first success in 1954, 
when a 23-year-old in Boston donated a kid- 
ney to his identical twin. In the years since, 
the number of transplants has surged, but 
demand invariably outstrips supply. In the 
U.S., which performs more transplants than 
any other country, about 104,000 people 
are awaiting a new organ, and, on average, 
17 die each day before they get one. “We 
are a system that has always operated with 
scarcity,’ says Alexandra Glazier, an attor- 
ney and president and CEO of New Eng- 
land Donor Services. Her system is one of 
56 OPOs, each covering a geographic re- 
gion across the U.S., that coordinate organ 
donations by working with hospitals and 
donor families. 

The transplant system relies on public trust 
and the generosity of these families at an ex- 
cruciating and disorienting time. In 2013, 
Emily Stillman, a 19-year-old college stu- 
dent in Michigan, was rendered brain dead . 
by a meningitis infection. When her mother, 
Alicia Stillman, was approached about donat- 
ing Emily’s organs, her first reaction was one 
of horror. “I said, ‘Absolutely not, tell them to 
stay away: ... remember screaming.” 

But she quickly had second thoughts, 
believing her daughter would have wanted 
organ donation; a call to the family’s rabbi 
also helped. Emily’s organs were donated 
to five people, and the family bonded with 
four of them. The heart recipient, a young 
physician in Ohio, named his baby girl after 
Emily. On the anniversary of Emily’s death 
in February, the mothers of the heart and 
kidney recipients reached out to Alicia, 
“telling me, mother to mother, how grate- 
ful they are that they had these 10 years,” 
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she says. Gifting Emily’s organs “was a huge 
part of our healing. It always gave us some- 
thing positive to grab onto.” 

Until recently, virtually all organ donors in 
the U.S. were like Emily. Following a grievous 
injury or some other catastrophe, they were 
left brain dead—which is defined as lacking 
any brain function, including the ability to 
breathe on one’s own. Their organs, however, 
can be protected by keeping donors on sup- 
portive machinery. 

But in the 1990s, doctors grew interested 
in another potential category of donors: 
people who retained some brain activity af- 
ter a serious illness or accident but who died 
when their circulation ceased—normally 


such device, made by the company Trans- 
Medics, after circulatory death. Five years 
later, a TransMedics clinical trial began in 
the U.S. Regulators there approved the sys- 
tem for this purpose in 2022. 

“It gave us access to hearts that no one 
else was using,” says Ashish Shah, chief of 
cardiac transplantation at Vanderbilt Uni- 
versity, who participated in the trial. But 
using the device costs between $65,000 
and $85,000 each time. Recovering organs 
from DCD donors can also be logistically 
complex, as surgeons race to remove them 
before they succumb to a lack of oxygen. 
Sometimes, one organ is recovered but an- 
other can’t be saved. 


Heart of the matter 


Typically, organs are recovered after brain death. A newer approach allows donations from people whose relatives 
choose to withdraw life support, following an unsurvivable illness or injury. After death is declared due to loss 

of circulation, machines are connected to oxygenate the blood and allow the heart to restart, while clamps prevent 
blood from reaching the brain. The circulation keeps organs healthy until they are recovered for transplant. 


Cerebral vessel clamp 


Venous cannula 


1 Aclamp is placed across three arteries that supply blood 
to the brain, to focus perfusion on the organs being 
recovered and to avoid interfering with the dying process. 


because, like the heart donor at NYU, their 
families had opted to withdraw life support 
when there was no hope of meaningful recov- 
ery. The lungs, liver, and kidneys, surgeons 
learned, could be recovered and function 
after transplant. This became known as 
“donation after circulatory death,’ or DCD 
donation. Initially uncommon, the number 
of DCD donors has soared; today, about one- 
quarter of the kidneys transplanted in the 
US. are from DCD donors. 

The heart was another story. Circulatory 
death could severely injure the organ. To ad- 
dress the problem, companies experimented 
with machinery that would run _ blood 
through a heart after it was removed from 
the body and stimulate its electrical activity. 
In 2014, Australia was the first to test one 
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3 Blood is warmed 
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returning to the body. 
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travels from right atrium 
to an external reservoir. 


Shah, like Moazami, had been scrutiniz- 
ing reports from colleagues in Europe and 
the United Kingdom about another kind of 
DCD donation. It entailed initiating oxygen- 
ated blood flow to the organs intended for 
transplant while they were still in the do- 
nor’s body. For the heart, that meant starting 
it beating again after a declaration of death. 

The strategy, called normothermic re- 
gional perfusion-DCD (NRP-DCD) and 
sometimes abbreviated to NRP, was yielding 
promising results. In 2020, a team at Royal 
Papworth Hospital in Cambridge, England, 
published outcomes on three categories of 
heart recipients: those who received a heart 
from a donor after brain death, those whose 
heart was from a DCD donor and placed on 
an external device, and those whose donor 


organ was recovered after NRP, with perfu- 
sion within the body. All 22 people who re- 
ceived NRP hearts were still alive 1 year later. 
For the group receiving hearts maintained 
on external machinery, the 1-year survival 
rate was 86%. For people receiving hearts 
from donors assessed as brain dead, 1-year 
survival was 89%. A March study reported 
comparable outcomes after 157 NRP-DCD 
heart transplants spanning several countries 
and 673 heart transplants from donors de- 
clared brain dead. 

These weren’t randomized trials, but 
nonetheless “the results were great” for 
NRP, says Stephen Large, a cardiothoracic 
surgeon at Royal Papworth. Large pioneered 
these heart transplants in the U.K. begin- 
ning in 2015, after years of deliberation 
by authorities. The inspiration, he recalls, 
came in 2006 when a family approached 
him after their 57-year-old wife and mother 
had suffered a devastating stroke. The rela- 
tives intended to remove life support and 
wished to donate her heart, but DCD heart 
donations weren’t possible at the time. The 
family reached for the next best option, ask- 
ing Large whether he wanted to study her 
heart instead. He did, testing NRP for the 
first time in a human being. 


IN DOING SO, Large learned that the strat- 
egy allows a surgeon to, in effect, audition 
the heart. You could “see how the heart was 
performing” in the body after restarting per- 
fusion, he says. Moazami, the first to adopt 
the technique in the U.S., had the same reac- 
tion: “I can look at the pressure the heart is 
generating, what the chambers are doing.” In 
addition, surgeons believe that when oxygen- 
ated blood circulates through several organs 
at once, it can help them recover function 
lost during the dying process and their time 
without oxygen. 

In September 2021, Moazami’s team 
announced that its first eight NRP-DCD 
heart recipients were all still alive. Earlier 
that year, Vanderbilt, one of the biggest 
heart transplant centers in the world, had 
launched its own NRP program. “We found 
ourselves traveling all over the country get- 
ting hearts,” Shah says. “There was a demand 
from the donor side—these families want 
these hearts donated. ... Our job is to find a 
way to use” them. And use them he did. In 
2022, Vanderbilt performed 40 heart trans- 
plants from NRP donors. 

NRP technology is being used for other 
organs as well. Aleah Brubaker was a new 
liver transplant surgeon at the University of 
California, San Diego (UCSD), in the fall of 
2021 when she was dispatched to get her first 
liver from an NRP donor. Immediately, the 
impact “was very evident to me,” she says. 
Patients are “unquestionably” getting organs 
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more quickly, including some who might die 
waiting—among them Donatelli, for whom 
Brubaker was on the transplant team. 

UCSD has accepted livers from NRP do- 
nors in their late 60s, above the usual age 
cutoff, because perfusion inside the body 
helped doctors determine that the organs 
would be usable. Research on NRP kidney 
and liver recipients shows they have im- 
proved organ function and less chance of 
needing a second transplant than patients 
who get those organs via conventional 
DCD. “The results were much better,” says 
Beatriz Dominguez-Gil, director general 
of the Spanish National Transplant Orga- 
nization. Spain has used NRP for abdomi- 
nal organs for many years and began NRP 
heart donations in 2020. Unlike the heart, 
the liver and kidneys can be sustained 
with blood flow just to the abdomen, and 
without inducing a heartbeat, which eases 
some ethical concerns. 

Transplant programs are fiercely com- 
petitive, vying for the lowest wait times and 
highest survival rates. At the same time, the 
surgeons participating in NRP donations say 
they wouldn’t touch them without full sup- 
port from their institutions and confidence 
that they are ethical. The people who be- 
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Heather Santiago listens to her son Jordan’s heart beat inside the person who received it. After Jordan died in a hit-and-run, his organs were donated to five people. 


come NRP donors “are in this terrible state,” 
Shah says, most often with a devastating 
brain injury. They have no prospect of mean- 
ingful recovery. 

“We have to put ourselves back into the 
context that this family has already accepted 
their loved one will not live and wants us to 
go forward with donation,” says Brad Adams, 
an attorney who is also president and CEO of 
the Southwest Transplant Alliance. His OPO 
oversaw seven NRP donations in the first 
quarter of this year compared with nine in 
all of 2022. 


AS NRP DONATIONS ramp up in the US., 
some other countries are pumping the 
brakes. In the U.K., the first place use NRP 
for heart donation, they ground to a halt in 
2019. Concern bubbled up at a meeting be- 
tween U.K. and Canadian physicians about 
whether, despite the clamping of vessels to 
the brain before organ recovery, some blood 
could still reach it. 

In an attempt to study this, Large and 
his colleagues examined three NRP donors, 
looking for blood in tiny arteries that thread 
up to large vessels feeding the brain. In one 
person, there was detectable blood flow 
in these vessels, estimated at 50 milliliters 


\ 


= 


per minute, about 7% of the normal rate. 
Whether blood actually reached the brain 
wasn’t tested. “There was a heated argu- 
ment” among physicians, Large says, about 
how much blood, if any, could get to the 
brain, and its significance. 

Following Large’s observations, the do- 
nation and transplant communities paused 
NRP for heart donations in the U.K. The 
country continues to support NRP for liver 
and kidney donors, as vessels there are 
clamped lower in the abdomen and the 
chance of blood reaching beyond the torso is 
considered remote. 

A knotty and mind-bending question 
is whether such flow would matter. “The 
clamping of the vessels is ... a postmortem 
intervention,” says Marat Slessarev, a spe- 
cialist in critical care and organ donation 
at Western University in Canada. Like col- 
leagues who work in intensive care units, 
he’s comfortable with the standard of de- 
claring death 5 minutes after the heart 
stops following a withdrawal of life support. 
A recent study that included 480 patients 
whose life support was withdrawn backs 
this up. Transient heart activity resumed 
spontaneously in 67, but the longest lag 
time was 4 minutes and 20 seconds, inves- 
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tigators reported in The New England Jour- 
nal of Medicine in 2021. 

But could blood flow to the brain after 
circulatory death still spark brain activ- 
ity or function? Because dying is a process, 
“the best way to put it is, we don’t know,’ 
Slessarev says. He wants to prove that circu- 
latory death guarantees rapid brain death, 
which he suspects is the case, and that clamp- 
ing guarantees zero blood flow to the brain. 

Slessarev and colleagues began to ad- 
dress the first challenge in a pilot study 
of eight people after the withdrawal of life 
support. They found that brain activity 
actually ceased before the heart stopped 
beating—on average, 78 seconds earlier. 
“Blood pressure falls below a certain 
level, then the brain stops, then circula- 
tion stops,” Slessarev says. “That’s sort of 
the sequence of events.” To see whether 
these results hold up, he’s now co-leading 
a larger effort across Canada that aims to 
enroll about 90 people. His goal is to in- 
form organ donation policies in his coun- 
try, which does not permit NRP donations 
but is weighing them. 

Slessarev is also co-leading a Canadian 
team preparing to probe where there’s any 
blood flow to the brain after clamp- 
ing. He’s reassured by a January 
2022 paper from a team in Den- 
mark, showing that in pigs, 8 min- 
utes without circulation followed by 
clamping prevented all blood flow 
and brain activity when the heart 
restarted. Animals that did not receive any 
clamping showed brain waves on monitors. 

Others are conducting similar studies. 
Moazami recently hunted for cerebral blood 
flow with a transcranial doppler machine in 
two NRP heart donors. “We could not detect 
any,’ he says, and he plans to examine this in 
more cases. 

In the U.K., a team at Royal Papworth will 
study NRP donors in the coming months, 
using a test called a CT angiogram to see 
whether any blood appears in cerebral arter- 
ies and returns through the veins. The latter 
could indicate perfusion through tissues. “I 
will be really surprised” if there is cerebral 
blood flow to any meaningful degree, says 
Antonio Rubino, an intensivist at the hospi- 
tal who is leading the trial. But he still wants 
the work to be done. 


FOR NOW, “the global ethics of this have not 
been resolved,’ Moazami says, and even in 
the U.S., controversy is erupting. “The defini- 
tion of death is kind of broken,” says Brendan 
Parent, an NYU bioethicist who helped his 
hospital and several others consider the 
ethics of NRP. Irreversible loss of either all 
circulation or all brain function qualifies 
as death in the U.S. But circulation can, in 
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theory, be reinstituted by machinery even 
many hours after a death, Parent notes, 
rendering the circulatory death definition, 
practically speaking, meaningless. 

As NRP donations increased in the U.S., 
debate emerged in spurts and crescendoed 
this spring. An early salvo came in April 
2021, when the American College of Physi- 
cians, which represents internal medicine 
doctors, deemed NRP unethical in part be- 
cause it can reestablish a heartbeat. Wall, 
Shah, and others published a response ar- 
guing that NRP meets ethical standards for 
consent and organ donation. On the legal 
front came a volley from Alexander Capron, 
a law professor at the University of South- 
ern California, and Glazier of the New Eng- 
land OPO, arguing that NRP is inconsistent 
with U.S. legal standards because it involves 
restarting circulation whose permanent ab- 
sence prompted the declaration of death in 
the first place. Adams, Parent, and others 
shot back that NRP is consistent with U.S. 
legal standards of death, because the tech- 
nique is limited to perfusing organs and 
doesn’t impact the determination of death. 

Glazier, who says her OPO is one of a few 
that don’t yet permit NRP for the organ re- 


“ At the end of the day, the donor is dead. ... 
What you do does not make them alive again.” 


Anji Wall, Baylor University Medical Center 


coveries they coordinate, emphasizes that 
her concerns are more about a “misalign- 
ment rather than a big violation.” Can these 
potential donors return to what is consid- 
ered meaningful life with NRP interven- 
tions? “Absolutely not,” she says. But she still 
has significant concerns about the strategy. 

Glazier thinks death in the U.S. should be 
redefined as a permanent loss of brain func- 
tion, period, with no separate definition for 
circulatory death. She joined authors from 
eight countries, including some, such as 
France and Spain, where NRP has long been 
practiced, on a paper in press in Transplan- 
tation. They urged all countries to adopt a 
brain-based definition of death, which could 
be determined by a permanent absence of 
circulation to the brain. This would ease con- 
cerns about NRP if studies like those planned 
in Canada and the U.K. confirm that clamp- 
ing prevents any blood flow to the brain. 

In March, the U.S. National Institutes of 
Health and the Organ Donation and Trans- 
plantation Alliance held separate meetings 
to discuss NRP. Interest in the topic was so 
great that the alliance was forced to find 
a larger venue. Elizabeth Pomfret, chief of 
transplant surgery at the University of Col- 
orado School of Medicine, which recovers 


organs with NRP, welcomes the discussion. 
But Pomfret, who is president-elect of the 
American Society of Transplant Surgeons, 
worries about “confusion that’s arisen 
around these questions of the permanence 
of death. ... This whole conversation is sort 
of reeling out of control.” 

Parent stresses that protecting the poten- 
tial donor’s interests is the highest priority. 
But he adds, “It’s not as simple as just try- 
ing harder to save that person’s life,’ because 
doing so can become futile and cause more 
suffering. For individuals who expressed a 
wish to be a donor and whose life cannot be 
saved, “what would be in their best interest 
is preserving their organs” for others who 
need them, he says. Parent is now developing 
a project to study public and donor family 
perceptions of NRP. 

Alicia Stillman and her husband didn’t 
have to make a decision about NRP donation 
for Emily. But if they had, she imagines that 
the distinction between circulatory and brain 
death would not have been so important to 
her. “Nothing was going to bring Emily back,” 
she says. “There was nothing I could have 
done to save her.’ Donor families “should be 
at the head of the table” helping make these 
decisions, she believes. 

Across the country in Texas, an- 
other family agrees. Andrew Santiago 
doesn’t know what he and his wife 
Heather Santiago would have done in 
this situation, but he suggests these 
donations “be positioned as an op- 
tional deal,” with the family making that call. 
His 25-year-old son Jordan was left brain 
dead almost 3 years ago after a hit-and-run. 
Jordan’s organs, like Emily’s, were donated 
to five people, and “that’s what’s keeping us 
going,” his mother says. Both the Stillmans 
and the Santiagos launched foundations that 
include organ donor advocacy. 

Early next month, the American Trans- 
plant Congress will convene in San Diego, 
about a 15-minute drive from Donatelli’s 


home near the Pacific Ocean; he may be . 


speaking there. Pomfret, meanwhile, is or- 
ganizing a symposium for the conference’s 
opening day to develop a formal position 
statement on NRP and lay plans for national 
data collection on NRP cases and universal 
standards for recovering those organs, such 
as clamping techniques. “We’re showing the 
community that we're responsible,” Pomfret 
says. “This isn’t just a free-for-all.” 

UCSD Jacobs Medical Center, the site 
of the institute’s transplant surgeries, is a 
short drive up the coast from the conven- 
tion center where surgeons will gather. In 
one of the hospital’s beds, another triple- 
organ transplant patient is currently recov- 
ering. His new heart, liver, and kidney were 
given by an NRP donor. 
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Paleogenomic study of the Mexican past 


Ancient DNA analysis of ancestral Mexicans reveals a complex demographic history 


By Bastien Llamas and Xavier Roca-Rada 


he discovery that DNA survives in 
archaeological remains revolution- 
ized archaeology, anthropology, and 
evolutionary biology, leading to the 
establishment of paleogenomics as 
a bona fide field of research (1). In 
the context of the Americas, paleogenomic 
researchers have used ancestral genomic 
information to reconstruct human _his- 
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tory with exquisite detail. However, ethical 
concerns surrounding practices perceived 
as extractive and colonizing have some- 
times overshadowed this endeavor (2). On 
page 598 of this issue, Villa-Islas et al. (3) 
set a standard for how paleogenomics can 
be conducted in an ethical and sustain- 
able manner. They analyzed ancient DNA 
retrieved from 27 ancestral humans from 
eight archaeological sites in Mexico, provid- 
ing insights into the demographic history 


of Indigenous populations in Central and 
North Mexico. 

Although Mexico has a rich cultural heri- 
tage, paleogenomic studies have primarily 
considered it as a bridge between North 
and South America, acting as an obligate 
transit for early southward human migra- 
tions (4-6). Limited paleogenomic studies 
applying high-throughput sequencing have 
addressed Mexican-specific demographic 
questions, finding that ancient northwest 
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Mexico shared genetic affinities with neigh- 
boring populations further north, and that 
Central Mexican cities between 900 and 
1500 CE were highly multi-ethnic (7, 8). The 
study of Villa-Islas et al. not only fills a gap 
in terms of paleogenomic resources in the 
Americas, but also demonstrates how com- 
bining multidisciplinary evidence, including 
archaeology, anthropology, paleoclimatology, 
and paleogenomics, can advance our under- 
standing of past human demography. The ar- 
chaeological record had hinted at an expan- 
sion of Aridoamerican cultures (in northern 
Mexico, inhabited by hunter-gatherers) into 
Mesoamerican territory (in central and 


Australian Centre for Ancient DNA, School of Biological 
Sciences, University of Adelaide, Adelaide, SA, Australia. 
Email: bastien.llamas@adelaide.edu.au 


SCIENCE science.org 


Paleogenomic approaches to study the demographic 
history of pre-Hispanic Mexico involve the analysis 
of ancient human DNA collected from archaeological 
sites. Shown are ruins in Toluquilla. 


southern Mexico, home to some of the largest 
pre-Hispanic agriculture-based civilizations 
in the Americas) around 1100 CE, coinciding 
with a period of severe droughts. Genomic 
information can capture the genetic history 
and diversity of its population, providing in- 
sights into population-size changes, migra- 
tions, and interactions with other groups. 
Leveraging the information contained in the 
ancient genomes, Villa-Islas et al. found that 
droughts likely triggered large-scale migra- 
tions, leading to population replacement in 
the shifting border region of Aridoamerica 
and Mesoamerica. Interestingly, some 
Mesoamerican people stayed behind in the 
Sierra Gorda area, prompting questions 
about how these ancient cultures adapted 
to climate change. The results also echo the 
coincidence of climatic and demographic 
events in pre-Hispanic Central Andes (9) and 
call for in-depth paleoecological modeling to 
test causality. 

One major challenge in paleogenomic 
studies is the scarcity of temporal and geo- 
graphical data points that would enable a 
detailed reconstruction of the past. For in- 
stance, the archaeological record may lack 
entire regions or time periods, or cultural 
practices—such as cremation, and the use 
of cinnabar (mercury mineral ore used for 
red pigments)—or adverse environmental 
conditions may hinder DNA preservation. 
Moreover, in some cases, there may be no 
data available from relevant present-day 
populations for comparison. These issues 
are magnified in regions of the world such 
as Mexico, where the cultural heritage is in- 
credibly diverse but conditions for ancient 
DNA preservation are suboptimal, the demo- 
graphic history is potentially highly complex, 
and the recent colonial past has substantially 
altered the genetic makeup of some regions. 
Consequently, paleogenomicists use model- 
ing to compensate for missing data and may 
resort to including unsampled “ghost” popu- 
lations in their statistical inferences. In this 
regard, Villa-Islas et al. not only confirmed 
the existence of a previously reported ghost 
population ancestral to present-day Central 
Mexicans (e.g., Mixe) (10), but they also un- 
covered a second ghost population whose 
ancestry was last detected in an individual 
from Canada de la Virgen, a Mesoamerican 
site occupied between 540 and 1050 CE. 

Recently, scholars from the Global South 
argued that sustainable paleogenomic re- 
search should be based on principles of 
“knowledge sharing, capacity building, mu- 
tual respect, and equitable participation” 


(11, p.1). The study of Villa-Islas et al. is a re- 
markable example of this approach because 
it targets a Global South region and is led 
and conducted by (predominantly) local re- 
searchers. This is a considerable departure 
from collaboration between local scholars 
and laboratories from the Global North, 
which requires the export of samples and of- 
ten leads to the relocation of local students 
and early-career researchers to the Global 
North for training. Although such collabo- 
rations can promote a two-way transfer of 
knowledge and expertise, they may not fos- 
ter local development of paleogenomic re- 
search owing to economic constraints. This 
perpetuates global power and wealth imbal- 
ances and invariably results in a loss of both 
control of the traditional narrative and sov- 
ereignty over cultural material and data (12). 

Therefore, developing capacity and capa- 
bility in paleogenomic research in the coun- 
tries where studies are conducted is crucial 
to empower researchers and participating 
communities. This approach promotes en- 
gagement with and involvement of local 
populations. The study by Villa-Islas et al. 
is an excellent example of high-quality and 
ethical paleogenomic research. Indeed, as- 
signing a contemporary population as the 
sole direct descendant of ancestral remains 
is highly complex in Mexico owing to the 
sociopolitical and historical context, includ- 
ing the institutionalized imposition of the 
“mestizaje” rhetoric (which supports that 
all Mexicans have mixed European and 
Indigenous ancestry) that undermines the 
voice of Indigenous peoples, especially in 
genomic research (73). In this context, only 
Mexican researchers who are sensitive to 
the social reality of their country can imple- 
ment best practices when engaging with 
the communities closest to the archaeologi- 
cal sites, especially given the challenges in- 
volved in consulting with Indigenous popu- 
lations regarding the destructive analysis of 
ancestral humans in Mexico. 
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An origin scenario for 
a fast radio burst 


Never-before-observed behavior of a repeating 
burst suggests its possible origin 


By Zsolt Paragi 


njust a tiny fraction of a second, a fast ra- 
dio burst (FRB) in the distant cosmos can 
emit as much energy as the Sun does in 
several days. The sources of these intense 
bursts, observed only as radio waves, 
have been elusive. Studies on FRBs that 
repeat indicate that their progenitors reside 
in diverse environments within far-away gal- 
axies. Some “repeaters” also appear to have 
an associated persistent source, likely a radio 
nebula, that may be powered by a magnetar 
(highly magnetized neutron star) or a black 
hole. The nature of these sources might pro- 
vide information about the origin of FRBs. 
On page 599 of this issue, Anna-Thomas et 
al. (1) report a highly variable medium with 
turbulent magnetic fields surrounding a re- 
peating FRB. This observation suggests that 
the pulses of radio wave emission may come 
from a compact object accompanied by a bi- 
nary companion with strong stellar winds. 
Magnetars have long been a prime suspect 
as FRB progenitors because of their similari- 
ties to pulsars, strong magnetic fields, and 
small emitting regions. However, their exact 
process of formation channel is not known, 
and there are still viable alternative FRB 
progenitors. Localizing the sources of FRBs 
within a host galaxy has been a powerful 
tool to constrain various progenitor forma- 
tion models. Radio interferometric meth- 
ods—especially those involving very long 
baselines—have shown that FRBs exist in 
different environments (2, 3). Sometimes an 
FRB appears near a site of active star forma- 
tion, but a repeating FRB was also found in a 
globular cluster (a luminous, nearly spherical 
collection of hundreds of thousands of stars) 
containing a very old stellar population (4). 
Precise localization could provide clues about 
the nature of the environment and constrain 
the channels of FRB progenitor formation 
but so far has not provided a conclusive an- 
swer. Turning attention to the properties of 
the bursts themselves may offer clues. 
As radio waves travel through plasma in 
space, their properties change. Dispersion 
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slows down the radio waves at longer wave- 
lengths, and Faraday rotation (a magneto- 
optical phenomenon) changes their polar- 
ization properties. FRB pulses thus have a 
full history of plasma distribution in space 
imprinted on them and can provide infor- 
mation about the amount of baryonic mat- 
ter (atomic matter) in between galaxies (5). 
However, this only works if the effects on ra- 
dio wave propagation are dominated by this 
intergalactic matter. Substantial local disper- 
sion and Faraday rotation effects from the 
immediate environment can constrain FRB 
progenitor formation models (6), but the 


“Understanding individual 
sources will ultimately 
allow the applications of fast 
radio bursts to broader 
questions in cosmology...” 


benefits of this information go beyond just 
improving models. Understanding individual 
sources will ultimately allow the applications 
of FRBs to broader questions in cosmology 
(such as constraining the distribution of ion- 
ized gas in the universe) because we can min- 
imize systematic errors in the data. 

The repeating FRB 20190520B studied 
by Anna-Thomas et al. stands out in that 
its local environment contributes more to 
altering the burst emission than the inter- 
galactic plasma and the interstellar gas in 
the Milky Way combined, resulting in a very 
large excess dispersion (7). It has an associ- 
ated persistent radio source and resides in a 
dwarf galaxy—just like the first-ever discov- 
ered repeater FRB 20121102A (8). Therefore, 
these two FRBs are sometimes referred to 
as twins. FRB 20121102A already provided 
some insight into the nature of its source 
and its associated persistent radio source: 
The observed Faraday rotation in this sys- 
tem is particularly high and variable, which 
may point to an environment around a 
massive black hole, or in a young supernova 
remnant (9). However, neither interpreta- 
tion gave a coherent picture of a formation 


channel for this FRB when considerin: cee 
the data. There was a hint about possi 
nonuniformities in the environment or in 
the emitting region, evidenced from the fre- 
quency dependence of the burst polariza- 
tion properties (J0). 

Anna-Thomas et al. used some of the larg- 
est radio telescopes available to study the 
bursts seen from FRB 20190520B, and espe- 
cially to see variations in propagation effects. 
What the authors found was rather surpris- 
ing: The Faraday rotation was highly variable 
and also changing sign, which indicates a 
rather turbulent environment. A possible sce- 
nario is that there is a binary system in which 
the radio waves travel through the dense and 
variable stellar wind of a companion star. 

Whether the above interpretation holds is 
still to be seen. The 16.3-day periodicity ob- 
served in FRB 20180916B may also support a 
binary interaction model for repeating FRBs . 
(11). Compact objects such as neutron stars 
or black holes have certainly been found in 
binary systems, also with companions hav- 
ing massive stellar winds. Perhaps the best 
known such example is SS433, which is as- 
sociated with a supernova-like radio nebula, 
W50. It was proposed that nebulae surround- 
ing hyperaccreting x-ray binaries, similar to 
the SS433-W50 system, may be the precur- 
sors and persistent counterparts to FRBs (2). 

It has also been proposed that the burst 
properties are not solely determined by the 
nature of the progenitor and in some cases 
can be dominated by interactions with the 
external medium (13). In any case, under- 
standing the effect of the local environment 
on propagation effects will greatly increase 
the potentials of using FRBs for precision 
cosmology. Future monitoring of the time 
evolution of burst properties, as well as high- 
spatial-resolution studies of nebulae associ- 
ated with FRB sources, may provide further 
clues. These studies will also reveal whether 
there is only a single FRB population, or if 
there are different FRB progenitors with vari- + 
ous formation channels. 
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ECOLOGY 


Abandoning land transforms biodiversity 


Land abandonment is critical when assessing global biodiversity and conservation 


By Gergana N. Daskalovat 
and Johannes Kamp? 


and abandonment and rural depopu- 
lation are accelerating globally. In less 
than 50 years, the proportion of the hu- 
man population living in rural areas has 
decreased by ~25% (J). Abandonment 
takes many shapes, and no single defi- 
nition has been accepted. Most often, land 
abandonment refers to a termination of ag- 
ricultural activities for at least 5 years (to dif- 
ferentiate it from fallow land) and is quanti- 
fied at the crop-field scale (2, 3). Other types 
of abandonment have received less attention, 
such as abandoned pastures, forestry areas, 
mines, factories, and entire human settle- 
ments. Here, “land abandonment” broadly 
captures the end of human activities. Since 
the 1950s, abandoned land has accumulated 
to up to 400 million ha globally (3), an area 
roughly half the size of Australia. Given this 
scale, there is an urgent need to develop a vi- 
sion of how to achieve balanced benefits for 
biodiversity conservation, ecosystem services, 
and people’s livelihoods on abandoned land. 
The exact amount of abandoned land is 
unknown owing to the dynamic nature of 


abandonment and recultivation, variation 
in abandonment definitions, and a lack of 
data. Abandoned land is more widespread 
in the Northern Hemisphere, and ~117 
million ha falls within the former Soviet 
Union (4). Although variable in magnitude 
geographically, abandonment is a globally 
important process caused by social, eco- 
nomic, and environmental factors (see the 
figure). Rural depopulation, the pursuit 
of urban job opportunities and services, 
and declining subsistence farming have 
been driving abandonment since the start 
of the Industrial Revolution in the 1750s. 
Rapid socioeconomic and political change, 
such as the collapse of the Soviet Union in 
1991, triggered especially high rates of land 
abandonment. War and conflict further 
exacerbate abandonment, and the Russian 
invasion of Ukraine has already created 
new abandonment hotspots (5). Land-use 
intensification in lowlands can drive aban- 
donment of marginal land in mountains. 
Environmental degradation, such as soil 
erosion and pollution, reduces profits from 
agricultural land, making abandonment 
more likely. Finally, natural hazards such as 
volcano eruptions, earthquakes, and floods 


can lead to sudden abandonment. The driv- 
ers of land abandonment are projected to 
increase in the future (J), highlighting the 
urgency to understand how abandonment 
is reshaping the natural world. 

The effects of abandonment on biodiver- 
sity vary. Direct, positive effects are more 
likely to occur when intensively managed 
and _ biodiversity-poor croplands are aban- 
doned (6, 7). Abandonment benefits forest 
and mixed- or closed-habitat birds and in- 
vertebrates (6, 7). Coupled rural depopula- 
tion and abandonment can lead to passive 
rewilding, particularly for large herbivores 
and carnivores (6). However, complete recov- 
ery of species communities on former arable 
land is often not achieved passively, even 
after a century (8), and not all abandoned 
lands return to a previous reference state (9). 
Negative or mixed effects of abandonment 
on biodiversity prevail in cultural landscapes 
and close-knit socioecological systems that 
are characterized by low-intensity, often 
subsistence farming (J0, 17). The long co- 
evolutionary history of these landscapes and 
their people, found in, for example, Eastern 
Europe, Japan, and parts of the tropics, has 
created high habitat heterogeneity that can 


Abandonment leads to heterogeneous biodiversity trajectories 
Land abandonment is increasing as rural populations decrease. Rural population trends over time and projections for the future (dashed lines) are based 
on United Nations Population Division statistics. Abandonment is driven by a range of factors, and it influences biodiversity in heterogeneous ways, which have 


implications for ecology and conservation. 
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disappear after abandonment and lead to 
the loss of locally rare species and to biodi- 
versity homogenization (10). 

Especially threatened by abandonment is 
the biodiversity of habitats that are main- 
tained by anthropogenic disturbances that 
now often replace natural disturbance re- 
gimes, such as in temperate grasslands, wood 
pastures, rice paddies, cocoa agroforestry, 
and coppice forests where open-habitat spe- 
cialists become replaced by generalists and 
closed-forest species (6). Abandonment can 
also result in plant invasions, followed by 
vertebrate declines (7). When some species 
receive more attention than others, the posi- 
tive (or negative) effects of abandonment for 
species in the spotlight may skew the overall 
perspective of the value of abandonment for 
biodiversity and mislead policies (7). Amid 
evidence for both gains and losses in species 
richness and abundance after abandonment, 
a consistent finding is that of shifts in com- 
munity composition, which sometime result 
in new ecosystems that consist of species 
that have not previously co-occurred in a 
given location (7, 12). 

The heterogeneous picture of both gains 
and losses in biodiversity after abandon- 
ment (6, 11) highlights that abandonment 
can be both a threat and an opportunity for 
biodiversity. The impacts of land abandon- 
ment depend on the type and intensity of 
previous land use, climate, soil types, and 
species’ functional traits (6, 7). In Japan, 
cold-adapted butterflies were more vulner- 
able to abandonment and human depopu- 
lation than warm-adapted ones (//). Shifts 
in fire regimes after the end of agricultural 
land use can trigger cascades of ecosystem 
changes that ultimately affect biodiversity, 
ecosystem services, and the quality of hu- 
man life through damages to infrastructure 
and reduced access to services (13). On the 
Eurasian steppes, pasture abandonment 
triggered by the breakup of the Soviet Union 
in 1991 and a subsequent accumulation of 
biomass led to an increase in wildfires, al- 
tering plant and animal communities (/3). 
Similar processes have occurred in ecosys- 
tems of the Mediterranean, a global biodi- 
versity hotspot. Beyond biodiversity, land 
abandonment affects ecosystem functions 
and services. Positive effects include the ac- 
cumulation of soil and aboveground carbon, 
which thereby partly offset climate change- 
relevant carbon dioxide emissions (14), but 
there are also negative effects, such as poten- 
tial soil erosion. The feedback among aban- 
donment, biodiversity, ecosystem services, 
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and people’s livelihoods is yet to be investi- 
gated at regional to global scales. 

The direction and magnitude of the global 
net effect of abandonment on biodiversity 
remains unquantified owing to several chal- 
lenges (7). High-resolution maps on the ex- 
tent, timing, magnitude, and persistence of 
land abandonment are only available for 
some hotspots (4, 75) but are not available 
globally and not for grassland abandonment 
resulting from destocking or for abandon- 
ment in the marine realm, for example, 
out-of-commission fisheries. High-quality, 
global-scale remote-sensing imagery is only 
available from the 1990s onward, which 
misses big waves of abandonment such as 
those that occurred during the First and 
Second World Wars. The regional and na- 
tional statistics that are available on tem- 
poral trends in land use and land abandon- 


“Land abandonment is not 
a purely social or 
ecological phenomenon; it is 
the product of complex, 
age-old interactions between 
people and nature.” 


ment have not yet been fully harnessed and 
standardized on a global scale. Additionally, 
few attempts have been made to integrate 
biodiversity data collected on abandoned 
land, compiled from global databases such 
as BioTIME, and obtained from land aban- 
donment maps or to incorporate abandon- 
ment in biodiversity scenarios. 

Land abandonment influences biodiver- 
sity on both short- and long-term timescales 
(8). The legacy effects of abandonment on 
biodiversity, which include extinction debts 
and colonization credits and take decades to 
centuries to materialize, are much less stud- 
ied than immediate, direct effects (7, 8). The 
same is true for interactions of land aban- 
donment with biotic and abiotic drivers of 
biodiversity change, such as climate change, 
nutrient deposition, pollution, and socioeco- 
nomic change. A large area of uncertainty is 
also the self-restoration potential of aban- 
doned land and how it varies by biomes and 
land-use legacies (7, 8). Lastly, it is unknown 
what degree of management is needed to en- 
sure that abandoned areas return to biodi- 
versity-rich systems or the original habitats 
that existed before cultivation, rather than 
remaining in species-poor “lock-in” stages of 
a new ecosystem. 

Increases in biodiversity after habitat res- 
toration and rewilding on abandoned land 
(12) might be reversed quickly by the recul- 


tivation of abandoned land or the repurpos- 
ing of abandoned land for other anthropo- 
genic uses, which often occurs within less 
than 15 years (15). Abandonment might sim- 
ilarly be less likely to persist in war zones 
or areas that have experienced natural dis- 
asters, after which people and agriculture 
might eventually return. With increasing 
global pressure on land, abandoned land is 
earmarked for large-scale bioenergy, wind 
energy, and solar energy production (2, 3). 
Land abandonment can also be followed by 
industrial activities such as mining owing 
to cheap land prices and lack of opposition 
because such activities would largely hap- 
pen out of sight. Future models and sce- 
narios that aim to predict the net balance 
of positive versus negative effects of aban- 
donment on biodiversity need to account 
for variation in the likelihood of abandon- 
ment to persist. It is important to quantify 
the trade-offs between the recultivation of 
abandoned land for food, fiber, and energy 
and the contributions that these lands could 
make toward developing and implementing 
policies for restoring biodiversity and main- 
taining ecosystem services. 

The recent 15th meeting of the Conference 
of the Parties to the United Nations 
Convention on Biological Diversity (COP15) 
in Montreal in 2022 set new global goals 
for biodiversity, but land abandonment did 
not have a prominent place on the agenda 
and its role in meeting conservation targets 
remains unexplored. A global synthesis of 
the conservation potential of abandoned 
land is still missing, and there are few sys- 
tematic reviews and meta-analyses. To build 
toward such work, more local-scale studies 
and improved remote-sensing products are 
needed, particularly from underrepresented 
regions such as Eastern Europe, East Asia, 
and West and Central Africa. Establishing 
long-term ecological monitoring sites on 
diverse types of abandoned land can help 
to identify immediate and lagged biodiver- 
sity responses. Once past and ongoing land 
abandonment is better understood, better 
forecasts of where abandonment will occur 
in the future are possible. 

There is an opportunity to integrate aban- 
donment and biodiversity in an interdis- 
ciplinary socioecological perspective that 
combines the conservation of both biodiver- 
sity and cultural landscapes. Where passive 
restoration can result in biodiversity gains 
and species composition recovery, protec- 
tion is needed for these newly rewilded eco- 
systems before they are recultivated or tar- 
geted for alternative uses. These abandoned 
lands could be included in protected area 
networks, such as Natura 2000, or managed 
after national and international restoration 
or rewilding strategies (12). Where aban- 
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donment threatens biodiversity, improved 
land stewardship should be encouraged, for 
example, through subsidies for traditional 
farming and policies that improve the qual- 
ity of rural life. The feedback between aban- 
donment, loss of culture and tradition, and 
ecological change has received little research 
attention but could be the missing piece in 
designing landscapes that improve both 
human quality of life and biodiversity con- 
servation. Conservation and management 
increasingly recognize the value of working 
with local people and Indigenous communi- 
ties. Land abandonment poses a challenge to 
such collaborations because abandonment 
is often paralleled with depopulation, which 
brings a decline in traditional subsistence 
farming and threatens to erase traditional 
knowledge. Historic knowledge of ecosys- 
tems and biodiversity is key for establishing 
baselines to assess the effectiveness of con- 
servation measures and to track progress 
toward conservation goals. How can land be 
protected when its stewards are gone? 
Nearly 100 years ago, abandoned fields 
helped develop key ecological theory on suc- 
cession and the transition from open fields to 
dense canopy forests. Today, it is important 
and timely to look at abandoned fields once 
again but see the full picture—the migrating 
rural populations, the depopulating villages, 
and the deserted human infrastructure and 
crop fields, as well as the changing biodi- 
versity and ecosystems. Land abandonment 
is not a purely social or ecological phenom- 
enon; it is the product of complex, age-old 
interactions between people and nature. & 
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The breath-holding strategy of the scalloped hammerhead 
shark (Sphyrna lewini) could be widespread among other 


deep-diving sharks and fishes. 
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Free-diving sharks 


Hammerhead sharks hold their breath when 
diving to regulate body temperature 


By Mark Meekan! and Adrian Gleiss? 


egular cycles of descent to and as- 
cent from mesopelagic depths (200 
to 1000 m) of open oceans are a fea- 
ture of the ecology of many large epi- 
pelagic fishes, including tunas, bill- 
fishes, sharks, and rays (J). Because 
these vertical movements typically begin 
and end in shallow waters, they are com- 
monly referred to as dives, even though 
these fishes are not compelled to return 
to the ocean’s surface to breathe, unlike 
marine mammals, reptiles, and birds (2). 
But the parallels between these lung- and 
gill-breathing animals are more than just 
a coincidence in vertical movements. On 
page 651 of this issue, Royer et al. (3) report 
that, like air breathers, hammerhead sharks 
(Sphryna lewini) are also “breath holding” 
during dives. This suggests that oxygen 
stores, rather than just temperature, could 
determine dive durations in some epipe- 
lagic fishes. 
Why these sharks display this remarkable 
behavior is explained by the combination 
of ecological opportunities and physiologi- 
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cal challenges invoked by diving into cold, 
deep water. During the day, enormous num- 
bers of small fishes (mostly lanternfishes; 
Myctophidae) and invertebrates gather to 
form the deep scattering layer in depths 
of 200 to 500 m (4). The layer is accompa- 
nied by predators, such as squid and larger 
fishes, that inhabit even deeper waters (500 
to 1000 m). To access these food sources, 
epipelagic fishes must regularly descend to 
these depths, which presents a physiologi- 
cal challenge for species whose primary 
habitats are relatively warm surface waters. 

Although they function to extract oxygen, 
fish gills are also very efficient at transfer- 
ring heat, with the consequence that deep, 
cold water has the potential to rapidly cool 
the blood and vital organs (5). Epipelagic 
fishes have evolved a variety of physi- 
ological, morphological, and behavioral 
solutions to cope with this problem, which 
involve adaptations that minimize heat 
loss through either conductive or convec- 
tive means. At one end of the scale, slow- 
swimming whale sharks (Rhincodon typus), 
which are planktivorous filter feeders, grow 
to immense sizes and have a body plan 
that reduces conduction of heat when they 
feed at depth (gigantothermy) (6, 7). At the 
other end, fast-swimming tunas and lamnid 
sharks are regional endotherms feeding on 
other fishes and squid, with heat exchang- 
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donment threatens biodiversity, improved 
land stewardship should be encouraged, for 
example, through subsidies for traditional 
farming and policies that improve the qual- 
ity of rural life. The feedback between aban- 
donment, loss of culture and tradition, and 
ecological change has received little research 
attention but could be the missing piece in 
designing landscapes that improve both 
human quality of life and biodiversity con- 
servation. Conservation and management 
increasingly recognize the value of working 
with local people and Indigenous communi- 
ties. Land abandonment poses a challenge to 
such collaborations because abandonment 
is often paralleled with depopulation, which 
brings a decline in traditional subsistence 
farming and threatens to erase traditional 
knowledge. Historic knowledge of ecosys- 
tems and biodiversity is key for establishing 
baselines to assess the effectiveness of con- 
servation measures and to track progress 
toward conservation goals. How can land be 
protected when its stewards are gone? 
Nearly 100 years ago, abandoned fields 
helped develop key ecological theory on suc- 
cession and the transition from open fields to 
dense canopy forests. Today, it is important 
and timely to look at abandoned fields once 
again but see the full picture—the migrating 
rural populations, the depopulating villages, 
and the deserted human infrastructure and 
crop fields, as well as the changing biodi- 
versity and ecosystems. Land abandonment 
is not a purely social or ecological phenom- 
enon; it is the product of complex, age-old 
interactions between people and nature. & 
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Deep dive duration 


A hammerhead shark's dive into cold, deep water may be limited not only by the temperature but also by the amount of oxygen stored in its tissues before diving. 
This is because the shark holds its breath during the descent as a thermoregulation strategy. 


Gills (closed) 


Predive 

Warm surface seawater passes 
through the shark's gills, which 
extract oxygen and transfer heat 
to the circulating blood. 


Thermo-conserving phase 

(breath holding) 

While descending to colder water, the 
body temperature remains stable as gill 
slits close, insulating the shark from 
cold water. A decrease in heart rate may 
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Respiration phase 

(oxygen recovery) 

While ascending to warmer water, gill 
function is restored, replenishing oxygen 
to the blood. This is expected to increase 
heart rate, and anaerobic metabolites 


Thermal recovery 
Once in warm surface water 


heat to rapidly warm blood 
and vital organs. 


reduce the circulation of cold blood. 
Oxygen stored in tissues is used, and 


anaerobic metabolites likely accumulate. 


ers in the circulatory system that capture 
heat produced by the swimming muscles, 
thus reducing convective heat loss (8). 
These strategies can be enhanced through 
behaviors such as occupying warm surface 
waters before and after dives to lower en- 
ergy costs and speed recovery from entry 
into cold water (1). 

Using internal tags to monitor physiol- 
ogy, Royer et al. show that behavioral ther- 
moregulation in sharks can also include 
breath holds. When diving to depths of 800 
m and water temperatures of only 5°C, ham- 
merhead sharks can substantially delay the 
onset of reduction in body temperature. 
Although the exact mechanism responsible 
for the reduction of convective heat loss is 
unknown, Royer et al. suggest that breath 
holding, where the shark closes its mouth 
and/or gill slits, effectively insulates the 
gills from cold water (see the figure). Other 
mechanisms could also reduce cooling, 
such as extreme bradycardia (lowered heart 
rate). Nonetheless, the only plausible expla- 
nation for temperature stability at depth is 
an interruption in the circulation of newly 
oxygenated, cold blood. 

Breath holding may be an ingenious so- 
lution to the problem of heat loss, but it 
requires cessation of oxygen delivery to tis- 
sues. Paradoxically, hammerhead sharks are 
active foragers during deep dives, implying 
a high demand for oxygen that could be fu- 
eled by stores in the blood and muscle and/ 
or by incurring an oxygen debt that must 
be repaid once sharks return to the ocean 
surface. Consequently, the duration of deep 
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dives may not be determined exclusively by 
temperature but also by oxygen stores and 
the ability to withstand the accumulation of 
anaerobic metabolites. If correct, this would 
be a radical departure from current think- 
ing about the limits to diving by epipelagic 
fishes in the open ocean (J). 

Given the effectiveness of breath holding 
and the strong selective forces that shape 
behavioral and physiological thermoregu- 
lation, this strategy could be widespread 
among other epipelagic sharks and teleost 
fishes. Testing this hypothesis will require 
tags that sense internal physiology across 
a much wider suite of epipelagic fishes. 
Archival tags that simultaneously measure 
internal and external temperatures are an 
important research tool but, until recently, 
have mostly been deployed on tunas (9, 10). 
Investigating physiological thermoregula- 
tion will also require advances in “physi- 
ologging” tags (17) that can be deployed 
internally or can sense across the skin 
boundary to monitor the cardiorespiratory 
responses of fishes to breath holding. The 
wide-ranging nature of epipelagic fishes 
makes it extraordinarily challenging to de- 
ploy and recover such tags. 

Across the world’s oceans, global warming 
is driving the decline of dissolved oxygen and 
an expansion of vast oxygen minimum zones 
at depths of 200 to 1000 m (72). Although 
these areas of very low oxygen saturation 
present a major threat to most macrofauna, 
the ability of hammerhead sharks to cease 
respiration while foraging at depth could 
mean that this species is more likely to cope 


may commence being processed, but 
body temperature declines. 


Squid rd 


; again, the gills can transfer 


with such environments. Indeed, this behav- ‘ 
ior could explain observations of these ani- 
mals occupying the extremely hypoxic oxy- 
gen minimum layer in the Gulf of California 
(73). An ongoing technological revolution in . 
tagging, of which the study of Royer et al. is 
a part, is likely to reveal other insights into 
the physiology and ecology of sharks that 
may explain the extraordinary persistence 
of these animals across 400 million years of 
changing ocean environments. & 
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Much blame cast upon fisheries policy may be misguided 
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ith many fish populations around 

the world overfished (7), countries 

are increasingly passing laws to 

prevent overfishing and rebuild de- 

pleted stocks (2—4), an objective 

adopted in the UN Sustainable 
Development Goals. However, some elected 
officials (5), scientists (6), and industry 
groups in the US and Europe (7 8) have ques- 
tioned whether such policies have gone too 
far, resulting in “underfishing,” to the eco- 
nomic detriment of fishing communities. 
This idea is influencing debate over reautho- 
rizing the US Magnuson-Stevens Act (MSA), 
which shares key features with fishing poli- 
cies in the European Union (EU) and Canada 
and is regarded internationally as a bench- 
mark fishing law. Analyzing two decades of 
data on 170 US fish stocks, we find that the 
reasons some species are fished less than oth- 
ers are varied, and the MSA is only some- 
times the primary factor. In many cases, fish- 
ers are fishing less of a species because they 
find it unprofitable. 

Although thresholds for overexploitation 
are defined in US, EU, and other major fish- 
ing laws, thresholds for underexploitation 
typically are not. The concept of underexploi- 
tation is controversial in the field, for various 
reasons described below, including the many 
contested assumptions that would be re- 
quired to measure things such as “lost value” 
or “lost yield.” Still, the notion that underfish- 
ing is a serious problem is gaining public at- 
tention and influencing policy debates. In the 
US, a 2014 Congressional Research Service 
report on the MSA cited scientific testimony 
asserting that 77% of US stocks were under- 
fished, with 30 to 48% of the country’s poten- 
tial yield lost (6). Although the overarching 
arguments are nuanced, those underfishing 
claims have been echoed in more simplistic 
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terms by political leaders (5) and the news 
media (9). In Europe, fishing groups have 
raised concerns that precautionary policies 
have led to underfishing of some stocks (7) 
and proposed that as a rationale to overfish 
others (8). If policies such as the MSA are 
blamed for underfishing, other countries 
could be dissuaded from adopting sustain- 
able fisheries policy. [See section 3.1 of the 
supplementary materials (SM).] 

These arguments highlight a central chal- 
lenge of fisheries policy, which is how to man- 
age trade-offs between the goals of exploita- 
tion and conservation under uncertainty, and 
between different species that may rely on 
one another or be caught together. The con- 
cept of underfishing could imply that the goal 
of fisheries policy is to facilitate the maximal 
long-term harvest of the resource, particu- 
larly the most valuable stocks, with anything 
less being “forgone catch.” It could then be 
implied that this lower yield evinces a failure 
of policy, perhaps because of overly restric- 
tive management. However, fishery policies 
may also have conservation goals, such as 
protecting the most vulnerable stocks, main- 
taining ecosystem services, consistency with 
species or wildlife protection laws, or sup- 
porting cultural and recreational values. 

Despite ongoing rhetoric, the argument 
that underfishing is a substantial problem 
has received surprisingly little empirical scru- 
tiny. Our intent is not to adjudicate among 
competing policy priorities or to formalize 
the concept of underfishing. Rather, it is to 
facilitate a more informed discourse by iden- 
tifying where trade-offs exist between utiliza- 
tion and conservation, and where they may 
be illusory, as in cases of stocks that would be 
lightly fished even in the absence of manage- 
ment. We do this by examining empirically 
the extent to which healthy stocks are being 
fished below their theoretical long-term sus- 
tainable harvest, and investigating the rea- 
sons for that on a stock-by-stock basis. 

We take the United States as our case 
study, as the MSAss long history provides 
ample data for historical review. One previ- 
ous study (J0) examined why fishers are not 
fishing their full quota of groundfish in two 
US regions. Although we examine a different 
research question, we share the conclusion 
that fishing policy resulted in less fishing for 


¢ 
most of the subset of stocks studied in ee 
(see SM section 3.7 for comparison of resurts7. — 
However, we find that this subset of stocks is 
not representative of the remaining healthy 


stocks in these two regions or nationwide. 


FISHERY POLICY 

Modern fishery policy in the US began with 
the 1996 Sustainable Fisheries Act (SFA) (2), 

a reauthorization of the 1976 MSA that came 
with new, science-based requirements for 
stopping overfishing and rebuilding over- 
fished stocks. The 1976 MSA established the 
concept of optimum yield (OY), the yield 
that provides “the greatest overall benefit 
to the Nation,’ accounting for economic, 
social, and ecological factors. The SFA man- 
dated that OY be set at or below maximum 
sustainable yield (MSY), the greatest level 
of fishing consistent with sustaining the 
population over the long term. Fishing mor- . 
tality (F) is the rate at which a given stock 
is being depleted by fishing. Overfishing is 
when F exceeds a defined threshold (often 

F sy), Whereas overfished is when biomass 
(B) goes below a defined threshold (often 
half of B,,..). A stock deemed overfished : 
is subject to a rebuilding plan designed to 
bring the population back to a biomass level 
that can produce MSY (B,,,,) as quickly as 
possible (and generally within 10 years). 
Pursuant to a 2006 reauthorization of the 
MSA, catch limits to prevent overfishing are 
required for almost all stocks. Catch limits 
are typically lowered when B < B,,., to pre- 
vent a stock from becoming overfished. 

US law does not define “underfished” or 
“underfishing,” nor does it prevent OY from 
being less than MSY. Previous literature (JO, 
11) has focused on a few main reasons why the 
catch of a healthy stock might not be maxi- 
mized: (i) low catch limits are set as a precau- 
tion owing to high scientific uncertainty in 
the population estimate and the stock’s sta- 
tus; (ii) the stock cannot be caught without 
catching another species that is overfished, + 
or near the overfishing limit; or (iii) fishers . 
are choosing not to fish the stock because it 
is not in sufficiently high demand, making it 
unprofitable. Other possible reasons a stock 
may be underfished include ecosystem con- 
siderations or compliance with laws such as 
the Endangered Species Act or the Marine 
Mammal Protection Act. Understanding 
which factors are at play for which stocks is 
a prerequisite for constructive debate about 
underfishing and its relationship to the MSA. 


DEFINING POTENTIALLY LESS UTILIZED 
AND (LESS) FISHED STOCKS 

Per US definitions, whether a fish stock is 
experiencing overfishing in a given year de- 
pends on its utilization (F/F...); whether a 


MSY 
stock is overfished depends on its biomass. 
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We focus on stocks that were persistently 
neither experiencing overfishing nor over- 
fished over most of the study period. We call 
these stocks “potentially less utilized and 
(less) fished” (PLUF) rather than experienc- 
ing underfishing and underfished, to avoid 
normative connotations and to signal that 
further examination is needed to under- 
stand why they are not being fished more. 
Of the 460 stocks managed in the US, 
170 have sufficient information to examine 
their utilization and status. We include data 
from 1990 to 2015 because data availability 
declines sharply after that year, with only 28 
stocks having data in 2019 (see SM section 
3.4). These 170 represent 85% of US marine 
fish landings (excluding highly migratory 
and diadromous fish, which are subject to 
laws other than the MSA, or in addition to it) 
(see SM section 2.1.2). Because fish are gen- 
erally managed on a stock-by-stock basis, it 
is important to consider potential underfish- 
ing on a stock-by-stock basis. This can help 
us understand whether policy-driven under- 
utilization is a widespread phenomenon or 
one that is isolated to a few stocks. Stocks, 
averaged over the post-SFA time period from 
1996 to 2015 (see the top left panel of the fig- 
ure), could be called unhealthy (black dots), 
either because on-average overfishing was oc- 
curring (F > F,,,y), biomass was not sufficient 
to produce sustainable yield (B < B,,.,), or 
both (see fig. S1 for 1990 and 2015 snapshots). 
“Unhealthy” does not necessarily equate to an 
official designation of “overfished,’ which is a 
reference point set by regional management 
councils for each stock, often but not always 
at half of B,,,,.- Stocks in the bottom-right 
quadrant (blue dots) could be called healthy 
(or potentially underfished and experiencing 
underfishing), because their average biomass 
was greater than what would support MSY 
(B > B...) and, on average, overfishing was 


MSY: 
not occurring (F< F. ...). 


Because averages can mask year-to-year 
variation in stock status, and to ensure that 
we examined stocks that were in this bottom- 
right quadrant for most of the study period, 
we calculated the percentage of years in 
which each stock was healthy from 1996 to 
2015 (see the top left panel of the figure). 
Most of the 170 stocks in our dataset were ei- 
ther never healthy (tallest far-left, gray bar) 
or always healthy (tallest far-right, blue bar). 
Just over half of the stocks, 88, were healthy 
for 50% or more of those 20 years. We desig- 
nate these as PLUF (see SM section 3.4, in- 
cluding alternative PLUF definitions). 

Whereas the overall trend in the time pe- 
riod studied shows declining fishing mortal- 
ity (dark gray lines; see the top right panel 
of the figure), PLUF stocks stayed relatively 
flat (blue lines; see the top right panel of the 
figure). These PLUF stocks, on average, had 
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low fishing mortality in 1990, prior to SFA, 
and continued to have low fishing mortality 
as of 2015, post-SFA. Mean fishing mortal- 
ity declined only slightly post-1996 for PLUF 
stocks (dashed blue line; see the top right 
panel of the figure). And weighting these 
stocks by revenue (solid blue line; see the top 
right panel of the figure) reveals that mortal- 
ity held steady for the most economically im- 
portant PLUF stocks, rather than declining 
as one would expect if the SFA were a major 
driver of underfishing. (See SM section 3.8). 
PLUF stocks fished just below F\,,. and 
just above B,,., could perhaps be classified 
as optimally utilized and fished. This study 
does not attempt to classify stocks as opti- 
mally utilized and fished because the term 
lacks a clear definition. However, there are 
reasons for setting OY or catch limits below 
the overfishing limit (OFL). For example, the 
federal National Standard 1 (NS1) Guidelines 
recommend setting OY below MSY and catch 
limits below OFL in cases of scientific and 
management uncertainty with regard to 
measuring or surpassing MSY and OFL (72). 
Furthermore, managers may lower catch lim- 
its to reduce bycatch of stocks in rebuilding. 


EXAMINING REASONS 

We reviewed the stock assessments and 
fishery management plans and interviewed 
stock assessors to discuss why each of the 
88 stocks were PLUF. The stock assess- 
ments provide quantitative, peer-reviewed 
data; the fishery management plans are 
official policy implementation documents; 
and the stock assessor interviews are quali- 
tative. Our approach synthesizes the infor- 
mation to provide descriptive evidence for 
the determinants of PLUF stocks, rather 
than causal linkages. We classified these 
stocks into four categories, corresponding 
to the primary reason they were not fished 
more: economics, bycatch considerations, 
scientific uncertainty, and other (see the 
middle panel of the figure). (See “One-page 
Summaries” in the SM.) 

Forty-one PLUF stocks were classified in 
the economics category, meaning that they 
were not fished more because fishers found 
it unprofitable to do so. Stock assessors and 
fishery management plans indicate that fish- 
ers were choosing to fish well below these 
stocks’ catch limits owing to their low prices. 
Of those 41 stocks, 40 have catch levels con- 
sistently below their catch limits (fig. S4). 
These stocks are frequently considered non- 
targeted or bycatch species (see SM 3.2, 3.6, 
and the “One-page Summaries” for details). 

“Bycatch considerations” refers to stocks 
that cannot be profitably caught without also 
catching other species that are more tightly 
managed. For example, yelloweye rockfish 
is common bycatch in the China rockfish 


fishery on the Pacific Coast; yelloweye rock- 
fish is considered overfished and subject to 
restrictive catch limits, which indirectly lim- 
ited catch of China rockfish. Nine of the 23 
PLUF stocks in the bycatch category were 
constrained by bycatch regulations to pre- 
vent Pacific halibut from being overfished 
under an international treaty. This treaty is 
not part of the MSA (see SM section 2.2.3). 
The remaining 14 stocks had other constrain- 
ing stocks that were either at risk of overfish- 
ing, or already overfished and required by the 
MSA (2) to go into recovery plans (table S9). 

Of the 14 PLUF stocks in the scientific un- 
certainty category, seven had updated refer- 
ence points that changed their status from 
fished near F,,,. or overfished to PLUF. This 
implies that they were thought to be un- 
healthy, potentially triggering lower catch 
limits, but more data or improved models 
showed retroactively that they were healthy— 
suggesting unreliability in the earlier data. 
The other seven stocks were identified by 
stock assessors as having high uncertainty 
in their MSY, which could lead to overfishing 
if MSY were overestimated. Consistent with 
NSI guidelines, managers can set catch limits 
below the OFLs to account for scientific and 
Management uncertainties (72). These buf- 
fers could make a stock appear to be under- 
utilized when in reality it is not. 

Finally, 10 PLUF stocks were categorized 
as “other.” Reasons for this categorization 
included compliance with laws other than 
the MSA, such as the Endangered Species 
Act or a non-MSA cap on Alaskan pollock 
catch; stocks’ particular circumstances; or 
a combination of more than one of the cat- 
egories previously described. (See “One-page 
Summaries” and SM section 2 for details.) 

Of the four categories, “bycatch” and “un- 
certainty” imply that fishery policies are con- 
straining catch either directly or indirectly to 
prevent stocks from becoming overfished or 
to prevent overfishing; “economics” implies 
that policy is not the relevant constraint; and 
“other” includes some of each. However, MSA. 
policies are only constraining 14 of 23 stocks 
categorized as “bycatch” and partially con- 
straining 6 of 10 stocks categorized as “other.” 


ECONOMICALLY IMPORTANT STOCKS 

From a market standpoint, not all fish are 
equally important (fig. S2). Just four stocks 
made up, on average, 78.3% of the revenue 
of all PLUF stocks and 52.2% of the revenue 
of the 147 stocks that had revenue data (see 
the bottom left panel of the figure). These 
four stocks all happen to be categorized as 
“other.” In all, stocks categorized as “other” 
accounted for an average of 56.6% of revenue 
from those 147 stocks. “Uncertainty” made up 
7.9%, “bycatch” 3.9%, and “economics” aver- 
aged just 4.8% of revenue despite comprising 
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Characterization and categorization of potentially less utilized and fished stocks 

Panels draw upon data for 170 stocks, spanning 20 years from 1996 to 2015, for graphs without years on the x-axis. Stocks in the lower-right quadrant of the scatterplot 
of F/F ys, versus B/B,,., are on average healthy. The histogram reflects 88 stocks defined as potentially less utilized and fished (PLUF), owing to their annual status being 
deemed healthy in more than 50% of the 20 years. Trends are analyzed before and after the 1996 Sustainable Fisheries Act (SFA). 
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the largest number of stocks (fig. S3a). The 
remaining 26.8% were non-PLUF stocks. This 
highlights a key takeaway from our analysis: 
Potential benefits from increasing utiliza- 
tion are not uniform across stocks. The four 
PLUF stocks that generated the greatest rev- 
enue were Eastern Bering Sea (EBS) walleye 
pollock, Atlantic sea scallop, Gulf of Mexico 
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--- Data not available in all years 


Mean biomass status (B/B,,.,) 


Gap between MSY and catch before and after SFA 
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(GOM) brown shrimp, and GOM white 
shrimp. EBS walleye pollock catch is limited 
by an annual 2 million metric ton cap de- 
signed in 1984 to extract the optimum yield 
of multispecies groundfish in the Bering Sea 
and Aleutian Islands (73). Congress enshrined 
the cap in the 2004 Consolidated Appropria- 
tions Act, putting it outside the scope of the 


Non-top-4 PLUF stocks 


@ Non-PLUF stocks 


2000 2005 2010 2015 
MSA. Atlantic sea scallop biomass increased 
rapidly because of area closures intended to 
address overfishing of both sea scallops and 
groundfish. However, a recent assessment 
documents concerns that MSY may be over- 
estimated, in which case it might not be a 
PLUF stock at all (14). GOM brown and white 
shrimp are PLUF owing to a combination 
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of low profitability from competition with 
cheaper imports, bycatch considerations for 
red snapper, and scientific uncertainty (15). 
(See SM “One-page Summaries”) 

The share of revenue for these top four 
revenue-generating PLUF stocks stayed fairly 
steady from 1990, 6 years before SFA was 
passed, to 2015, 19 years after its adoption 
(see the bottom left panel of the figure), sug- 
gesting that they were not disproportionately 
affected by the policy. The remaining PLUF 
stocks and non-PLUF stocks also had a fairly 
steady share of revenue from 1990-2015. To 
examine these trends further, we look at the 
gap between MSY and catch from 1990 to 
2015 (see the bottom right panel of the fig- 
ure). Although some call this “lost yield” or 
“forgone catch” (17), interpreting it as “for- 
gone” implies a counterfactual in which ev- 
ery stock is fished precisely to MSY, which 


is unlikely to hold in reality for several rea- 
sons. These include trade-offs and spillovers 
between stocks, rising costs and diminish- 
ing economic returns from greater fishing 
of some stocks, and uncertainty in the MSY 
value itself (see SM section 3.5). Still, the 
gap is worth examining because the notion 
of forgone catch has become part of the de- 
bate as to whether policies such as the MSA 
are constraining catch more than necessary. 
Interestingly, we find that 60% of the gap 
between MSY and catch for all stocks in the 
dataset combined is due to one stock, EBS 
walleye pollock. In all, 72.1% of the gap comes 
from the top four revenue-generating stocks 
(including EBS walleye pollock), 4.4% from 
the remaining “other” stocks, 2.8% from “un- 
certainty,’ 15% from “bycatch,” and 3% from 
“economics” (fig. S9). If policies were increas- 
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ingly precautionary, as some critics have ar- 
gued, this gap between MSY and catch would 
presumably increase over time. However, the 
total gap and total catch remains fairly steady 
from 1990 to 2015 (see the bottom right panel 
of the figure and fig. S11, respectively). 


IMPLICATIONS 

Previous literature and rhetoric (5—IJ) has 
focused on management as the primary 
driver of underfishing. By combining more 
up-to-date quantitative data on all US stocks 
with qualitative examinations of each stock, 
we find a more complicated picture. We 
observe that a plurality of PLUF US fish 
stocks are fished below MSY primarily for 
economic reasons. For these stocks, the key 
to achieving higher yields, if desired, may 
lie not in looser policy but in stimulating 
greater demand. 


A boat leaves Gloucester, 
Massachusetts, to fish at 
George’s Bank. 


The MSA is more relevant to the 16% of 
stocks that are constrained by other stocks 
that are overfished or near OFLs under the 
MSA. It is possible that further research 
and development of technical measures to 
increase fishery selectivity could be made 
to avoid bycatch species. It has also been 
suggested that overfishing of certain stocks 
could be tolerated to allow more catch of oth- 
ers, which would require statutory and regu- 
latory changes. Allowing such overfishing 
would risk long-term harms to these stocks, 
ecosystems, and reliant fishing communities. 

For the one-fifth that are constrained by 
scientific uncertainty, it is conceivable that 
additional research investments could yield 
more precise estimates, thus allowing catch 
limits to be set closer to OFLs. But further 
research could also support the conclusion 


that these buffers are in fact necessary to pre- 
vent accidental overexploitation, e.g., owing 
to high variability in productivity. 

Any future analysis on the “forgone 
catch” or revenue dimensions of underfish- 
ing should be informed by the finding that 
just a few stocks account for the majority of 
both. If the concern is lost revenue or catch, 
it would make the most sense to narrow the 
focus to this small number of high-value 
stocks, which are all in the “other” category 
and are constrained for specific reasons that 
may or may not prove tractable. For instance, 
the highest-value PLUF stock of all, EBS 
walleye pollock, is constrained for reasons 
beyond the scope of the MSA. Alternatively, 
policy-makers may conclude that catching 
less than the maximum sustainable amount 
of some stocks is a tolerable or even desirable 
outcome given the trade-offs that would be 
involved in exploiting them further. & 
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Calculating the future 
A quantum computing primer offers insights into 
the technology’s most promising potential applications 


By Dov Greenbaum!” and Mark Gerstein? 


n his latest book, Quantum Suprem- 

acy, theoretical physicist Michio Kaku 

expertly describes and rectifies com- 

mon misconceptions about quantum 

computing—a technology regarded by 

experts as one that is likely to have pro- 
found societal implications. 

The book has four distinct sections, the 
first focusing on foundational computing and 
physics concepts. Here, Kaku deftly navigates 
the relevant scientific landscape by delving 
into quantum mechanics and _ identifying 
four key postulates. This section also pro- 
vides a lucid treatment of early computing, 
including Charles Babbage’s digital comput- 
ers and Alan Turing’s seminal contributions 
to the notion of computability. 

Kaku excels at developing understandable 
metaphors for the complexities of quantum 
mechanics and computing. Consider the 
distinction he draws between classical and 
quantum computing: “An ordinary digital 
computer...is like several accountants toil- 
ing away independently in an office...But a 
quantum computer is like a roomful of inter- 
acting accountants, each one simultaneously 
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computing, and, importantly, communicat- 
ing with each other via entanglement.” In an- 
other metaphor, he likens electron orbits to a 
hotel in which different types of rooms fill up 
in a particular order. 

In the remaining sections, Kaku employs a 
formulaic process to explore potential appli- 
cations of quantum computing that, at times, 
stray into the hyperbolic. Such ex- 
amples include a tongue-in-cheek 
reference to how quantum com- 
puting could revolutionize cook- 
ing by enabling people to precisely 
calculate the outcomes of combin- 
ing different ingredients. 

Given the wide spectrum of 
proposed quantum computing 
applications covered, readers 
would have benefited from a more 
explicit description of the three 
broad categories into which they 
fall. The first includes instances 
wherein computing is not neces- 
sarily the bottleneck holding back advance- 
ment. This category includes applications 
such as asteroid detection, neural networks, 
and liquid biopsies. In these cases, a better 
understanding of the problem under consid- 
eration could arguably be more helpful than 
increased computational heft. 

In the second category, increased com- 
putational power could potentially be 
useful in furthering a field; however, it 
is unclear whether quantum computing 
could appreciably accelerate a discovery 
because of the intrinsic structure of a prob- 


Quantum Supremacy: 
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lem’s calculations. This would include the 
challenge posed by large-scale searches of 
genomic databases and calculations for 
various climate scenarios. 

The third and most interesting set of ap- 
plications relates to those challenges that 
remain intractable with classical computing 
but are thought to be potentially solvable by 
quantum computing. For example, when the 
application is related to reacting atoms and 
molecules, “only a quantum computer can 
truly simulate a quantum process,” writes 
Kaku, summarizing Richard Feynman’s 
1981 observation. Likewise, many biochemi- 
cal processes, such as photosynthesis and 
nitrogen fixation, can be best understood 
using quantum computers. 

A number of potential problems pre- - 
sented by quantum computing are notably 
underrepresented in Quantum Supremacy. 
One such conundrum that is of particular 
popular and political interest relates to the 
ability of quantum computers to potentially 
crack current encryption technologies. This 
has spurred considerable interest in quan- 
tum computing in the defense industry and 
on Wall Street. Concerns surrounding a po- 
tential “Q-Day” scenario—when quantum 
computers can practically overcome existing 
cryptographic codes—have already spurred 
much development in postquantum cryp- 
tographic standards spearheaded by orga- 
nizations such as the National Institute of 
Standards and Technology (1). 

Another related application 
that could have benefited from 
greater discussion is the poten- 
tial for quantum information 
transmission to provide secure 
transmission routes for informa- 
tion as a result of quantum en- 
tanglement. In 2022, Alain Aspect, 
John Clauser, and Anton Zeilinger + 
were awarded the Nobel Prize in 
Physics for their work in this area. 

Quantum Supremacy ends with 
a description of a hypothetical day 
in the year 2050. In this imagined 
future, quantum computing has cured cancer, 
made fusion power possible, and routinized 
travel to the Moon. But we should be cautious 
of expecting so much from a nascent technol- 
ogy. Nonetheless, the book is well written and 
accessible, offering readers a comprehensive 
overview of quantum computing, its underly- 
ing principles, and its potential. & 
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Making meaning from materials 


Hands-on experiences can deepen our understanding 
of the substances that surround us 


By Dorothy Jones-Davis 


akers—people who craft and build 
things—often look at a material and 
think “What can I make with this?” 
However, a maker’s raw material 
has often already been “made,” ei- 
ther by nature, nurture, or both, 
having emerged from processes that affect 
its atoms, molecules, and bonds. In Hand- 
made, materials scientist and maker Anna 
Ploszajski considers how materials’ micro- 
scopic properties inform their macroscopic 
possibilities, taking readers on an incredible 
journey through the origin, composition, 
use, and history of 10 everyday 
materials—from glass to plastic, 
wood to wool—that make up just 
about everything in our world. 
Ploszajski begins the book with 
an incident that will be familiar 
to many scientists: the breaking 
of a piece of laboratory glassware. 
When she endeavors to repair it 
at her university’s glass repair 
shop, she becomes immersed in 
the art and science of glassblow- 
ing. Ploszajski recounts handling 
glass through its transition from 
a rigid solid to a “deliciously vis- 
cous liquid,’ taking the reader 
through the chemical and physi- 
cal properties that govern the 
structure of this material during 
this transition. We learn why me- 
dieval glass has uneven thickness 
(hint: it has to do with the pro- 
cess used to spin the glass) and 
why light passes (relatively) easily through 
glass (it has to do with its atomic structure). 
The most important lesson in the book’s 
first chapter comes from Ploszajski’s realiza- 
tion that her hands-on experience with glass- 
making offered her a greater understanding 
of the material. “Until I met the craftspeople 
behind it, glass was always looked through, 
never looked at,’ she writes. Through mak- 
ing, each material develops an identity be- 
yond its atomic composition. 
Yet even that identity is subject to inter- 
pretation. “Exactly the same material can 
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range from being a priceless artefact to 
useless litter,’ muses Ploszajski in a chapter 
dedicated to paper. This brings forth the 
question: Can hands-on experience with a 
material change how one thinks about its 
value? Her answer is resoundingly yes. 
Ploszajski introduces readers to various 
artisans, makers, and craftspeople and to 
the ways they have learned more about 
properties of the materials with which they 
work through making. “It might be that the 
skill of the craftsperson is to notice and tap 
into...inherent material personalities, to 
make the best of them when they transform 
materials into objects,” she writes. 


Blacksmith Andrea Kosec manipulates hot iron rods in Hajnacka, Slovakia. 


In chapter 10, we meet Andrew Ziminski, 
a stonemason and conservationist who is in 
the midst of repairing the spire of a 14th- 
century stone monument. Through his 
work, we learn how porous stone is subject 
to degradation by natural forces and mate- 
rials, such as acidic rain and the molecular 
and physical state changes that occur in 
water as it freezes. We learn how the art 
and science of stone masonry, when done 
well, can repair this damage, restoring both 
stone’s beauty and its structural soundness, 
and, when done poorly, can cause irrepa- 
rable harm. 

Again and again, Ploszajski’s own experi- 
ences inform her narrative. In a chapter on 
brass, for example, readers learn about the 
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material through the lens of the author’s 
prized trumpet. Here, she poses a philo- 
sophical question that reiterates how a ma- 
terial’s value is related to its use: “Would 
my trumpet still maintain its meaning if 
it weren’t made from brass, but instead of 
silver or plastic, or even of nothing at all?” 

Meanwhile, in a chapter on clay, read- 
ers see how a material and the act of 
making can be both functional and trans- 
formational. Clay and its pliable structure 
provided a mechanism for catharsis dur- . 
ing a difficult time in Ploszajski’s career. 
Throughout the book, her curiosity-driven 
approach to everyday objects encourages 
the reader to navigate the world 
similarly and to make sense of 
the material world around them 
through making. 

Laudably, the book also seeks 
to offer readers an accurate and 
unbiased historical description 
of each material’s origin, evolu- 
tion, and usage throughout time, 
describing the contributions of 
international trade, war, and hu- 
man choice. In chapter 2 (“Plas- 
tic”), for example, Ploszajski 
details the role that World War IT 
played in increasing demand and 
innovation in the synthetic rub- 
ber industry, sometimes at the 
expense of human lives. 

Similarly, the book also calls 
out injustices and inaccuracies 
surrounding the materials un- 
der consideration and celebrates + 
commonly overlooked contribu- 
tors to the histories of these materials. In 
chapter 3 (“Steel”), Ploszajski recounts the 
story of the “Women of Steel’—the hun- 
dreds of women who worked during World 
Wars I and II making tools and munitions 
in the steelworks of Sheffield, England. 

Ultimately, Ploszajski succeeds in dem- 
onstrating that the act of making some- 
thing can impart an appreciation for and 
understanding of the properties of the 
material from which it is made. “Just give 
it a go,” she urges the reader. “There are 
tales to be told about these substances... 

I hope that this book will inspire you to 
tell yours.” 
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Brine discharge disrupts 
Persian Gulf ecosystems 


The Persian Gulf is home to a diverse marine 
ecosystem with a variety of species that rely 
on the delicate balance of saltwater and 
freshwater to survive (7). However, the grow- 
ing demand for freshwater in the region has 
led to the construction of seawater desalina- 
tion plants, which discharge brine (highly 
concentrated saltwater) into the Gulf. This 
brine discharge increases salinity levels and 
disrupts the natural balance of the Gulf’s 
waters, threatening the marine ecosystem’s 
sustainability (2). 

Because the Gulf has a low rate of water 
refreshment and a high rate of evapora- 
tion (3), increases to salinity are difficult 
to reverse. High salinity levels can cause 
stress and death in many Gulf species of 
fish and other sea creatures. Increased 
salinity, and the resulting decrease in oxy- 
gen levels (4), can also threaten plankton 
(5), which form the base of the food chain. 
In coral reefs, high salinity levels can 
cause coral bleaching and death, which 
can have cascading effects throughout 
the ecosystem (6). The substantial harm 
to marine life could have implications for 
human wellbeing, including food security 
and livelihoods in coastal communities (7). 

Given the harmful effects of increased 
salinity, it is essential to find solutions that 
minimize brine discharge from seawater 
desalination plants in the Persian Gulf. 
Government agencies, desalination plant 
operators, environmental organizations, and 
local communities should monitor salinity 
levels regularly and adjust desalination plant 
operations accordingly. Instead of dumping 
brine back into the Gulf, plants could use 
alternative storage options such as deep well 
injection or evaporation ponds, or they could 
arrange for the brine to be used for indus- 
trial purposes such as mining (8). In addition 
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to monitoring and repurposing current lev- 
els of brine, Iran’s long-term strategy should 
include the development of desalination 
technology that produces less waste by using 
more efficient membranes or other filtration 
methods (9). The region should also maxi- 
mize the use of sources of freshwater that 
do not rely on seawater desalination, such 
as rainwater harvesting (J0) and wastewater 
recycling (77), which have been used effec- 
tively in other Middle Eastern countries (12). 
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Prioritize wild species 
abundance indicators 


In addition to adopting the Kunming- 
Montreal Global Biodiversity Framework 
(GBF), the Parties to the Convention on 


Biological Diversity (CBD) agreed to an 
accompanying monitoring framework 

to assess progress (1). However, the 
metrics in the monitoring framework 

do not adequately align with the GBF’s . 
Goal A, one of the four overarching GBF 
goals (2), which states that “the abun- 
dance of native wild species [should be] 
increased to healthy and resilient levels.” 
The emphasis on the abundance of wild 
species is appropriate, as it constitutes 

a fundamental aspect of biodiversity (3). 
However, a corresponding abundance 
metric is not among the 25 “headline indi- 
cators,” on which the parties are required 
to report. The headline indicators, which 
include important metrics such as the 
extinction risk of species and the extent 
of natural ecosystems, are intended to 
capture the overall scope of and progress 
toward the goals and targets of GBF at 
both global and national levels (7). To 
meet the GBF’s objectives, abundance 
should be added to the list of headline 
indicators. 

Tracking abundance at the national 
level will require an increase in national 
and international support for monitoring 
efforts (4, 5), an investment the parties to 
the CBD have committed to by agreeing ‘ 
to the GBF. However, given that countries 
are only required to report on the headline 
indicators, monitoring efforts will likely be 
restricted to tracking the metrics listed. As 
a result, data on abundance of wild species 
would be insufficient in some countries. 

The Living Planet Database (6) could 
serve as the foundation for an abundance 
indicator. This still growing database cur- 
rently includes more than 38,000 indi- 
vidual vertebrate population time series, 
providing a unique window into changes 
in species abundance since 1970 (6). It has 
been the backbone of some of the most 
important assessments of the successes 
and shortcomings of the CBD (7-10). In 
line with the CBD’s commitment to head- 
line indicators that are meaningful at the 
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country level, the abundance data have 
also been used to develop national popu- 
lation abundance indicators such as the 
China Biodiversity Observation Network (11) 
and community-based biodiversity indica- 
tors for East Africa (72). Such data could be 
incorporated into reports required by the 
GBF monitoring framework. 

Producing national abundance indicators 
from the Living Planet Database poses chal- 
lenges in data representation and analysis 
(4). However, this database provides a 
model for measuring changes in species 
abundance using the approach and method- 
ology of the Living Planet Index. Countries 
could also deposit data in the database. 

Parties to the convention have now given 
a mandate to an Ad Hoc Technical Expert 
Group to advise on the further imple- 
mentation of the monitoring framework, 
including filling gaps (1). We urge this body 
to add a headline indicator on abundance. 
Emphasizing the need to assess trends in 
species abundance and providing a plan 
to do so effectively will increase the likeli- 
hood that countries prioritize and invest in 
abundance tracking, allowing each goal to 
be adequately measured. 
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Clinical trials can adapt 
for refugees 


Since Russia invaded Ukraine in February 
2022, 8.2 million Ukrainian refugees— 
mostly women, older men, and children— 
have fled to neighboring countries (7-3). 
These refugees included cancer patients 
(4), some of whom were enrolled in inter- 
national clinical trials (5, 6). Restarting 
clinical trials with new participants can be 
expensive and time consuming, and delays 
to progress affect all cancer patients. To 
minimize trial disruptions, cancer clinical 
trial oncologists, researchers, regulatory 
authorities, and industry partners should 
bring the trial to the patient by using satel- 
lite (decentralized) trial sites with patient 
navigators and remote technology. 

Many countries that host refugees, such 
as the United States, Germany, Romania, 
and South Africa, have existing clinical trial 
infrastructure (7). Ukrainian trial partici- 
pants were able to access care at previously 
established trial sites in neighboring coun- 
tries (8). Other countries hosting displaced 
trial participants should also facilitate 
transfers to local trial sites. Trained patient 
navigators, who understand the clinical 
trial process and digital technologies, can 
help guide, educate, and assist displaced 
patients through the decentralized clinical 
trial landscape. In the case of a trial site with 
no or low enrollment of citizens, researchers 
should collaborate to determine if the eligi- 
bility criteria can include refugees. 

Decentralized digital solutions, such as 
remote access to healthcare providers, can 
enable seamless and sustainable information 
sharing between trial sites. Online tools can 
translate electronic consent forms, allow 
patients to report outcomes and adverse 
events remotely, and automate invoice gen- 
eration. Contract research organizations can 
assess the cancer medicine supply in real 
time. Trial researchers in home and host 
countries can share their assessments of the 
patients’ and researchers’ needs. 

Many refugee populations are hosted by 
countries with inadequate clinical trial infra- 
structure or in locations without easy access 
to trial sites. In some cases, loaning WiFi- 
enabled tablets to trial participants could 
help reduce the digital divide. Participants 
without easy access to care could also ben- 
efit from local collection of blood or biospec- 
imens, which could then be transported to 
central sites for biomarker monitoring. 

In addition to protecting the integrity 
of ongoing trials, academic decentralized 
clinical trials could improve cancer care 
equity and consistency in care delivery. 
Adding flexibility to cancer care (9, 10) 


will improve diversity and inclusion in 
trial enrollment and mitigate the impact 
of war and other disasters on trial comple- 
tion. Changes to trial infrastructure could 
also serve as a model for continuity of care 
beyond clinical trials, potentially improv- 
ing cancer treatment for all underserved 
citizens and refugees. 
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TECHNICAL COMMENT ABSTRACTS 


Comment on “Exceptional preservation 
of organs in Devonian placoderms from 
the Gogo lagerstatte” 


Bjarke Jensen et al. 

Trinajstic et al., (Science, 16 September 
2022, p. 1311-1314) describe exception- 
ally well-preserved organs in fossilized 
Devonian placoderms to infer the early 
evolution of the vertebrate heart. We argue 
that the report has numerous shortcom- 
ings and examples of mixed specimen 
codes. Further, we question whether there 
indeed is any evidence for a mineralized 
chambered heart in these placoderms. 
Full text: dx.doi.org/10.1126/science.adg2748 


Response to Comment on “Exceptional 
preservation of organs in Devonian placoderms 
from the Gogo lagerstatte” 


Kate Trinajstic et al. 

Jensen et al. question evidence presented 
of a chambered heart within placoderms, 
citing its small size and apparently ventral 
atrium. However, they fail to note the belly- 
up orientation of the placoderm within one 
nodule, and the variability of heart mor- 
phology within extant taxa. Thus, we remain 
confident in our interpretation of the miner- 
alized organ as the heart. 

Full text: dx.doi.org/10.1126/science.adg3748 
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etaceous, many mammals underwent a rapid increase 
'size. Several hypotheses for this change have been put 
forward, with much debate about the drivers. Sanisidro 
et al. looked at the record of body size in brontotheres, 
large herbivorous mammals from the Eocene that experienced 
orders of magnitude changes in size. The authors saw no 
evidence for directional selection, but instead found a pattern 
of increased survival of larger species caused by reduced com- 
petition with other herbivores in their niches. Thus, over time, 
the increase in body size in these mammals was caused by the 
macroevolutionary process of species sorting. —SNV 


Science, ade1833, this issue p. 616 


Artist’s depiction of a herd of Megacerops, an elephant-sized bronotothere herbivore that lived in the early Holocene 


ORGANIC CHEMISTRY 
Carbon-hydrogen bonds 
get squared 


The conventional synthetic route 
to four-membered carbon rings 
involves the reaction of two 
unsaturated compounds with 
double or triple carbon-carbon 
bonds. However, the relative 
orientation of these two partners 
is often difficult to control. Yang 
et al. present an alternative 
approach to benzocyclobu- 
tenes using oxidative palladium 
catalysis. One reaction partner is 
a carboxylic acid that undergoes 
carbon-hydrogen oxidation at 
two adjacent alkyl carbon cen- 
ters; the other is an arene with 
adjacent bromide and iodide 
substituents that react at differ- 
ent rates to achieve the desired 
regiocontrol. —JSY 

Science, adg5282, this issue p. 639 


AGING 
Hungry to live longer 


Caloric restriction increases 
the life span of experimental 
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animals. Weaver et al. show that 
hunger alone can also increase 
life span in fruit flies. Hunger 
caused either by depriving flies 
of branched-chain amino acids 
(in particular isoleucine) or by 
optogenetically stimulating 
brain neurons associated with 
motivation to feed extended 
their life span. Prolonged hunger 
in flies deprived of amino acids 
seemed to reset a set point for 
the amount of protein the flies 
consumed and was associated 
with changes in histone acetyla- 
tion in their brains. -—LBR 
Science, ade1662, this issue p. 625 


VIROLOGY 
Manipulation of 
microenvironment 


Human cytomegalovirus 
(HCMV) infection of a single 
cell in culture induces a proviral 
state in cells in contact with the 
single infected cell. The proviral 
state is not only beneficial to 
HCMV but can also be exploited 
by other viruses. Song et al. 


distinguished cells in culture on 
the basis of their proximity to 
the infected cell. Elucidation of 
the proteome of cells at similar 
distances from the infected cell 
revealed signatures that explain 
the susceptibility of proximal 
cells and the resistance of distal 
cells to infection. This study 
underscores the spatiotemporal 
complexity driving virus infection 
dynamics in cell culture and 
has profound implications for 
virus-induced intercellular com- 
munication in vivo. —CEC 
Sci. Adv. (2023) 
10.1126/sciadv.adg3433 


ZEOLITE STRUCTURE 
Imaging zeolite variability 


Zeolite structures are prone to 
structural and compositional 
inhomogeneities that can cause 
batch-to-batch variations in 
applications. However, imaging 
these variations is difficult in 
transmission electron micros- 
copy (TEM) because zeolites are 
prone to electron beam damage 
at the doses needed for atomic 
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resolution. Zhang et al. found 
that electron ptychography 
based on low-dose four-dimen- 
sional scanning TEM data could 
achieve subangstrom resolution. 
The authors resolved individual 
oxygen atom columns in various 
zeolites with specimen thick- 
nesses of up to 40 nanometers 
and mapped the distribution of 
oxygen vacancies throughout 
a zeolite. Complex intergrown 
structures between different 
zeolite phases were also imaged. 
—PDS 

Science, adg3183, this issue p. 633 


CANCER IMMUNOLOGY 


A STANd against tumors 


Effective antitumor T cell 
responses are often ham- 
pered by the constraints of 
aberrant tumor-associated 
vasculature. Wang-Bishop et al. 
present an approach harness- 
ing activation of the stimulator 
of interferon genes (STING) 
pathway to promote vascular 
normalization and enhance anti- 
tumor responses. The authors 
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evaluated STING-activating 
nanoparticles (STANs) intrave- 
nously in multiple tumor models. 
STANs were able to normalize 
tumor vasculature and integrity, 
decrease tumor hypoxia, and 
promote the expression of T 
cell adhesion molecules, which 
enhanced antitumor T cell infil- 
tration and improved the efficacy 
of immune checkpoint inhibitors 
and adoptive cell therapy. These 
findings suggest that STANs are 
a potential therapeutic approach 
that can target tumor vascula- 
ture and enhance the effects of 
immunotherapy. —CNF 
Sci. Immunol. (2023) 
10.1126/sciimmunol.add1153 


ANCIENT GENOMES 
Resurrecting Paleolithic 
natural products 


With advances in the technolo- 
gies used to extract and analyze 
ancient DNA, we are learning 
more about the microorganisms 
that lived around and within our 
distant human ancestors and 
hominin cousins. However, little 
is yet known about the kinds 

of molecules these organisms 
might produce or their roles 

in health and disease. Klapper 
et al. extracted metagenome- 
assembled genomes of bacteria 
in dental calculus from ancient 
human and Neandertal remains. 


Natural product biosynthetic 
gene clusters in these samples 
were distinctive, and heterolo- 
gous expression of these clusters 
yielded 5-alkylfuran-3-carboxylic 
acid products that the authors 
refer to as paleofurans. Such 
methods for resurrecting ancient 
microbial natural products may 
provide insight into the nutrition 
and health of early hominins— 
and potentially bioactive 
compounds lost to time. —MAF 
Science, adf5300, this issue p. 619 


BLACK HOLE PHYSICS 
Polarization of a tidal 
disruption event 


If a star passes too close toa 
supermassive black hole, it gets 
ripped apart by tidal forces. As 
the debris falls toward the black 
hole, it heats up and emits light, 
producing a transient astro- 
nomical source known as a tidal 
disruption event (TDE). Liodakis 
et al. measured the optical 
polarization of a TDE, finding that 
it varied during the event, peaking 
at 25 + 4% linear polarization. 
By comparing this behavior with 
models, the authors posit that 
TDE optical emission occurs 
when the stream of debris 
extends around a full orbit of the 
black hole, generating shocks 
where it collides with itself. -KTS 
Science, abj9570, this issue p. 656 


Dental calculus from hominin remains, such as this mandible, contains ancient 
microbial DNA encoding for previously unknown natural products. 
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IMMUNOPSYCHIATRY 
9517 T cells stress the 


system 
Interleukin-17—producing y8 
(y517) T cells, which reside in 
the meninges, play important 
roles in anxiety-like behavior, 
synaptic plasticity, and memory 
function. Zhu et al. report that 
mice subjected to chronic 
social-defeat stress and human 
patients with major depressive 
disorder show a reduction in 
specific Lactobacillus species in 
their gut microbiota. In mice, a 
dearth of these bacteria, which 
normally degrade fungal-derived 
8-glucan polysaccharides in 
the gut, was associated with an 
increase in colonic and menin- 
geal y817 T cells expressing the 
8-glucan polysaccharide recep- 
tor dectin-1. Dectin-l-mediated 
expansion and differentiation 
of y817 T cells were associated 


with social avoidance by mice 
exposed to chronic social-defeat 
stress. Moreover, inhibition of 
8 T cells led to a reduction in 
stress-susceptible behavior in 
these animals. —STS 

Nat. Immunol. (2023) 


10.1038/s41590-023-01447-8 « 


IMMUNITY 
Benefits of a grown-up 
microbiota 


The intestinal microbiota 
modulates immune functions. 
However, whether the changes 
occurring in the composition of 
the microbiota during develop- 
ment affect the adult immune 
system remains to be verified. 
Lubin et al. created adult mice 
bearing preweaning microbiota 
and showed that the animals 
had an abnormal immune 
system with reduced numbers of 
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ECOLOGY 
Land abandonment 
and biodiversity 


Land abandonment, the end 
of any human activities, is 
increasing in rural areas. It is 
unknown exactly how much and 
where land is abandoned, how 
it can best be managed or left 
to recover to benefit biodiver- 
sity and conservation, and how 
reuse can be implemented 
effectively. In a Perspective, 
Daskalova and Kamp discuss 
the differing outcomes of land 
abandonment on recovery of 
biodiversity, whether human 
intervention is needed, and, if 
so, in what form. The authors 
also discuss the need for 
balance to ensure that rural 
populations can repurpose land 
when needed and how working 
with local or Indigenous people 
brings historical knowledge 
of ecosystems and conserva- 
tion goals. Understanding the 
complex interactions that lead 
to land abandonment and sub- 
sequent impacts on biodiversity 
and conservation could improve 
interactions between people 
and nature. —GKA 

Science, adf1099, this issue p. 581 


FERROELECTRICS 
Organic actuation 


Certain fluoropolymers have 
ferroelectric properties and 
attractive mechanical prop- 
erties for a wide range of 
applications. Qian et al. review 
the history of these polymers 
and discuss recent progress, 
focusing on their potential 
use in electromechanical, 
electrocaloric, and dielectric 
applications. Fluoropolymers 
are relatively flexible, making 
these materials attractive for 
a wide range of applications, 
including wearable devices. 
Many challenges remain for 
improving the properties of 
these materials for commercial 
applications. —BG 

Science, adg0902, this issue p. 596 
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CANCER 
Tracking pancreatic 
cancer evolution 


The development of pancre- 
atic cancer involves a complex 
interplay between pancreatic 
lesions and the surround- 
ing tissue microenvironment. 
Burdziak et al. performed an 
in-depth analysis of the evolution 
of pancreatic tumors. Using 
several model systems, including 
newly developed computational 
methods, tumor progression 
stages leading to pancreatic 
adenocarcinoma were predicted 
based upon communication 
gene modules. Tissue remodel- 
ing was traced from a healthy 
pancreas to an inflamed state, 
the premalignant stage, and then 
to full-blown malignancy and 
distant metastasis. Epigenetic 
plasticity in early progenitor-like 
epithelial cells primed pancreatic 
cells for neoplastic transforma- 
tion. Plasticity was associated 
with the remodeling of acces- 
sible chromatin close to cell-cell 
signaling genes and an interleu- 
kin-33—mediated inflammatory 
feedback loop between epithelial 
and immune cells. —PNK 
Science, add5327, this issue p. 597 


HUMAN GENETICS 
Ancient Mexican genetic 
structure endures 


Ancient DNA has revealed much 
about the movement and genetic 
legacy of human populations. 
However, DNA is notoriously 
sensitive to degradation in hot 
climates, resulting in a greatly 
imbalanced study of regions and 
ancestries because of climato- 
ogical restrictions. Villa-lslas 

et al. analyzed ancient DNA 

from pre-Hispanic individuals 

in northern and central Mexico, 
revealing contributions from an 
unknown “ghost” population 
(see the Perspective by Llamas 
and Roca-Rada). They found that 
some populations endured in 
regions of central Mexico despite 
changing climate beginning in 
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the 10th century. Much of the 
ancient population's genetic 
structure has withstood popula- 
tion declines and is represented 
in present-day Indigenous popu- 
lations. —CNS 

Science, add6142, this issue p. 598; 

see also adh7902, p. 578 


RADIO ASTRONOMY 
FRBs in a binary 


star system 


Fast radio bursts (FRBs) are 
brief flashes of radio waves 
from distant galaxies that are 
probably emitted by neutron 
stars. Some FRBs repeat, which 
enables follow-up observations 
to constrain their local environ- 
ments. Anna-Thomas et al. have 
observed more than a hundred 
bursts from a single FRB source, 
of which 13 were bright enough 
to measure the polarization (see 
the Perspective by Paragi). The 
fluctuating polarization proper- 
ties indicate that the magnetic 
field close to the FRB source was 
highly variable, twice reversing 
direction. The authors contend 
that the most likely explanation 
is that the FRB source orbits in 
a binary system, with the radio 
waves passing through the 
magnetized stellar wind of the 
companion star. —KTS 

Science, abo6526, this issue p. 599; 

see also adh8099, p. 580 


PALEOECOLOGY 
Early human habitats 


Early humans and their hominin 
relatives had to adapt to new 
environments to spread out of 
Africa. Zeller et al. explored the 
movements of hominins across 
and preferences for different 
biomes by comparing six Homo 
species distributions from the 
fossil record against simulated 
climate and vegetation over the 
past 3 million years. They found 
that some later species inhab- 
ited a broader range of biomes 
as they spread to colder and 
more forested areas, especially 
H. sapiens, which settled in more 


extreme habitats (deserts and 
tundra). In addition to adapt- 
ing to changing environmental 
conditions over time, models 
suggest that Homo species may 
have preferentially selected 
areas with more diverse habitats. 
—BEL 

Science, abq1288, this issue p.604 


CATALYSIS 
Retaining reactive 
oxide overlayers 


Metal nanoparticles can interact 
so strongly with reducible 
oxide supports that the particle 
becomes coated with the metal 
oxide during the initial reduction 
steps. Monai et a/. used scanning 
transmission electron micros- 
copy and infrared spectroscopy 
to explore how titanium oxide 
overlayers of nickel nanopar- 
ticles change during carbon 
monoxide and carbon dioxide 
hydrogenation reactions. The 
thicker, less crystalline titania 
overlayers that formed under 
more strongly reducing condi- 
tions were partially preserved 
under hydrogenation conditions. 
Restructuring of this overlayer 
created interfacial sites that 
favored carbon-carbon coupling 
reactions by providing a reser- 
voir of surface carbon species. 
—PDS 

Science, adf6984, this issue p.644 


ELECTROCHEMISTRY 
Doping cobalt 

avoids iridium 

Water electrolysis is a potentially 
sustainable means of producing 
hydrogen. Unfortunately, only 
rare and expensive iridium is 

a sufficiently stable and active 
oxidation catalyst in the most 
efficient acidic environment. 
Chong et al. now report that dop- 
ing an Earth-abundant cobalt 
oxide catalyst with lanthanum 
and manganese ions promotes 
activity and stability in an acidic 
proton-exchange membrane 
water electrolyzer. Simulations 
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suggest that the lanthanum sta- 
bilizes the surface of the catalyst 
and the manganese enhances 
conductivity in the bulk. —JSY 
Science, ade1499, this issue p. 609 


THERMAL REGULATION 


Hold your breath 
Most fishes are fully ectother- 
mic, meaning that their body 
temperatures are heavily regu- 
lated by their environment. This 
physiological feature can present 
a challenge for large, preda- 
tory fishes that must maintain 
a certain body temperature 
to fully function but must also 
venture into different thermal 
environments to find prey. 
Using state-of-the-art remote 
loggers, Royer et al. found that 
scalloped hammerhead sharks 
were able to maintain warmer 
body temperatures during deep 
(more than 800 meters) dives 
by closing their gill slits and 
thus preventing heat transfer 
(see the Perspective by Meekan 
and Gleiss). Functionally, these 
sharks hold their breath during 
dives to facilitate access to prey 
in deep, cold waters. —SNV 
Science, add4445, this issue p. 651; 
see also adg8452, p. 583 


HIV 


ARTsy antibodies 


Posttreatment controllers 
(PTCs) are able to durably sup- 
press HIV-1 after patients stop 
taking antiretroviral therapy 
(ART). However, the features 
that distinguish PTCs from 
noncontrollers (NCs) remain 
unclear. Esmaeilzadeh et al. 
evaluated plasma samples from 
six patients taking PTCs and 

six taking NCs who started ART 
early after infection, measur- 
ing viral load, viral diversity, 

and titers of HIV-1—neutralizing 
antibodies. The authors found 
that autologous neutralizing 
antibodies matured during ART 
and were an important contribu- 
tor to viral suppression after ART 
discontinuation. PTCs could be 
distinguished from NCs by a 
stronger neutralizing antibody 
response and a less diverse 
proviral reservoir. These features 
may be used to identify PTCs, 
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although the authors stress the 
need to look at a more diverse 
pool of individuals living with 
HIV-1. —CSM 
Sci. Transl. Med. (2023) 
10.1126/scitransimed.abq4490, 


CORONAVIRUS 
The painful consequences 
of long COVID 


After the resolution of infection 
with the COVID-19-causing 
virus severe acute respira- 
tory syndrome coronavirus 
2 (SARS-CoV-2), some indi- 
viduals experience neurological 
issues such as generalized 
pain. Serafini et al. investigated 
the basis for pain associated 
with long COVID and other 
neuropathies. Mechanical 
hypersensitivity in SARS- 
CoV-2-infected hamsters was 
associated with a durable gene 
expression signature in sensory 
neurons that partly resembled 
those of mouse models of 
neuropathic pain. Some of these 
genes, including the one encod- 
ing the RNA-binding protein 
ILF3, were validated as potential 
therapeutic targets in mice. 
—LKF 
Sci. Signal. (2023) 
0.1126/scisignal.ade4984 
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evaluated STING-activating 
nanoparticles (STANs) intrave- 
nously in multiple tumor models. 
STANs were able to normalize 
tumor vasculature and integrity, 
decrease tumor hypoxia, and 
promote the expression of T 
cell adhesion molecules, which 
enhanced antitumor T cell infil- 
tration and improved the efficacy 
of immune checkpoint inhibitors 
and adoptive cell therapy. These 
findings suggest that STANs are 
a potential therapeutic approach 
that can target tumor vascula- 
ture and enhance the effects of 
immunotherapy. —CNF 
Sci. Immunol. (2023) 
10.1126/sciimmunol.add1153 


ANCIENT GENOMES 
Resurrecting Paleolithic 
natural products 


With advances in the technolo- 
gies used to extract and analyze 
ancient DNA, we are learning 
more about the microorganisms 
that lived around and within our 
distant human ancestors and 
hominin cousins. However, little 
is yet known about the kinds 

of molecules these organisms 
might produce or their roles 

in health and disease. Klapper 
et al. extracted metagenome- 
assembled genomes of bacteria 
in dental calculus from ancient 
human and Neandertal remains. 


Natural product biosynthetic 
gene clusters in these samples 
were distinctive, and heterolo- 
gous expression of these clusters 
yielded 5-alkylfuran-3-carboxylic 
acid products that the authors 
refer to as paleofurans. Such 
methods for resurrecting ancient 
microbial natural products may 
provide insight into the nutrition 
and health of early hominins— 
and potentially bioactive 
compounds lost to time. —MAF 
Science, adf5300, this issue p. 619 


BLACK HOLE PHYSICS 
Polarization of a tidal 
disruption event 


If a star passes too close toa 
supermassive black hole, it gets 
ripped apart by tidal forces. As 
the debris falls toward the black 
hole, it heats up and emits light, 
producing a transient astro- 
nomical source known as a tidal 
disruption event (TDE). Liodakis 
et al. measured the optical 
polarization of a TDE, finding that 
it varied during the event, peaking 
at 25 + 4% linear polarization. 
By comparing this behavior with 
models, the authors posit that 
TDE optical emission occurs 
when the stream of debris 
extends around a full orbit of the 
black hole, generating shocks 
where it collides with itself. -KTS 
Science, abj9570, this issue p. 656 


Dental calculus from hominin remains, such as this mandible, contains ancient 
microbial DNA encoding for previously unknown natural products. 
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IMMUNOPSYCHIATRY 
9517 T cells stress the 


system 
Interleukin-17—producing y8 
(y517) T cells, which reside in 
the meninges, play important 
roles in anxiety-like behavior, 
synaptic plasticity, and memory 
function. Zhu et al. report that 
mice subjected to chronic 
social-defeat stress and human 
patients with major depressive 
disorder show a reduction in 
specific Lactobacillus species in 
their gut microbiota. In mice, a 
dearth of these bacteria, which 
normally degrade fungal-derived 
8-glucan polysaccharides in 
the gut, was associated with an 
increase in colonic and menin- 
geal y817 T cells expressing the 
8-glucan polysaccharide recep- 
tor dectin-1. Dectin-l-mediated 
expansion and differentiation 
of y817 T cells were associated 


with social avoidance by mice 
exposed to chronic social-defeat 
stress. Moreover, inhibition of 
8 T cells led to a reduction in 
stress-susceptible behavior in 
these animals. —STS 

Nat. Immunol. (2023) 

10.1038/s41590-023-01447-8 + 


IMMUNITY 
Benefits of a grown-up 
microbiota 


The intestinal microbiota 
modulates immune functions. 
However, whether the changes 
occurring in the composition of 
the microbiota during develop- 
ment affect the adult immune 
system remains to be verified. 
Lubin et al. created adult mice 
bearing preweaning microbiota 
and showed that the animals 
had an abnormal immune 
system with reduced numbers of 
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Seagrasses, in combination with lucinid 
bivalves and their microbial symbionts, help 
to detoxify sulfides in marine sediments. 


COASTAL ECOLOGY 
Facilitating a 
foundation species 


eagrasses act as habitat 
for many coastal species 
but are threatened by 
global climate change. 
Studies have shown a 
positive relationship between 
seagrasses and lucinid bivalves, 
which shelter among sea- 
grass roots and host bacteria 
that detoxify sulfides accu- 
mulating in the sediment. 
Ina field survey, de Fouw et 
al. determined whether this 
facilitative relationship occurs 
in seagrasses found in western 
European seas. Lucinid bivalves 
only occurred with seagrasses 


regulatory T cells and immu- 
noglobulin A. Importantly, the 
animals also showed increased 
susceptibility to Salmonella 
infections, indicating that 
changes in the microbiota during 
development are critical for the 
establishment of an effective 
immune system. —MMa 
Cell Host Microbe. (2023) 
10.1016/j.chom.2023.03.006 


HYBRIDIZATION 
What underlies 
successful hybridization? 


Interspecific hybridization 

can be an important source of 
genetic variation but can result 
in infertile offspring. Why and 
when hybridization occurs, and 
whether offspring have improved 
or reduced fitness, has long been 
an area of interest, particularly 

in plants. Brown et al. took 
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advantage of extensively studied 
flowering plants in the United 
Kingdom to identify genetic and 
nongenetic traits associated with 
hybridization. They found that 
hybridization was reduced with 
greater phylogenetic distance 
between parental plants, and 
that having different ploidy was 
not always a barrier to hybridiza- 
tion. Increased range overlap 
was associated with increased 
hybridization, though to a 
smaller degree than expected. 
—CNS 

Proc. Natl. Acad. Sci. U. S.A. (2023) 

10.1073/pnas.2220261120 


TRANSCRIPTOMICS 
Community coordination 
in biofilms 

Bacterial communities, even 


those composed of a single 
species, can be heterogeneous 


at sites that remain above 

1°C all year, which comprise 
about half of the 31 study sites. 
Models supported positive 
feedback between bivalve 
(Loripes orbiculatus) density 
and seagrass biomass, but only 
for one of the seagrass species, 
Zostera noltti. —BEL 

Ecography (2023) 
10.1111/ecog.06636 


in terms of their metabolism, 
especially within biofilms, 
in which there can be nutri- 
ent, oxygen, light, or pH 
gradients. Wang et al. developed 
RAINBOW-segq, a transcrip- 
tomics method for probing 
bacterial biofilm communities 
that uses temporal labeling with 
a growth-dependent fluorescent 
dye. Spatial encoding occurs 
because the interior of the 
biofilm grows at a much slower 
rate. Studying Escherichia coli 
in minimal medium, the authors 
showed that transmembrane 
transporters are up-regulated 
throughout biofilms, and, based 
on the known transporter 
substrate profiles, propose that 
resource sharing and nutrient 
cycling might be involved in cell 
survival in the interior of the 
biofilm. —MAF 
Nat. Chem. Biol. (2023) 
10.1038/s41589-023-01282-w 


PHOTOCATALYSIS 
Spotlight on the 
alkoxy radical 


Substantial recent research 
has sought to channel light 
energy into the cleavage of 
strong carbon-hydrogen 
bonds. In one implementation, 
photoexcitation of a cerium 
catalyst produced new carbon- 
carbon and carbon-nitrogen 
bonds from methane, ethane, 
and propane [Science (2018) 
10.1126/science.aat9750]. 
Those authors attributed the 
carbon-hydrogen cleavage to 
alkoxy radicals from an alcohol 
co-catalyst. A later study sug- 
gested that chlorine radicals 
might be responsible instead 
[Science (2021) 10.1126/sci- 
ence.abd8408]. An et al. now 
present thorough spectro- 
scopic, kinetic, and theoretical 
evidence for the original alkoxy 
hypothesis, suggesting that the 
uncertainty hinged on variation 
of the cerium/alcohol ratio. 
—JSY 

J.Am. Chem. Soc. (2023)  « 

10.1021/jacs.2c10126 


PHYSICS 


What it takes to go flat 


Solids in which interactions 
among electrons dominate 
over their kinetic energy often 
host exotic many-body states. 
A recent prominent example ‘ 
is magic angle twisted bilayer £ 
graphene, in which the angle 
between the two graphene 
layers controls the nature of 
the system. At close to one 
degree, the bilayer acquires 
a nearly flat energy band and 
can exhibit superconductivity. 
Sheffer et al. studied theo- 
retically the conditions under 
which related systems featur- 
ing Dirac cones can have zero 
Dirac velocity and perfectly flat 
bands. The researchers found 
that symmetries play a crucial 
role, providing the necessary 
conditions for the system to 
reach an interaction-dominated 
state by tuning a small number 
of parameters. —JS 
Phys. Rev. X (2023) 
10.1103/PhysRevxX.13.021012 
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REVIEW SUMMARY 


FERROELECTRICS 


Fluoropolymer ferroelectrics: Multifunctional 
platform for polar-structured energy conversion 


Xiaoshi Qian, Xin Chen}, Lei Zhu, Q. M. Zhang* 


BACKGROUND: Polymeric ferroelectrics are dis- 
tinguished by their high pliability, easy fabri- 
cation into complicated shapes, mechanical 
robustness, and polar active nature. Ferro- 
electricity in polymers was discovered around 
the 1970s in poly(vinylidene fluoride), which 
has served as a platform for efficient cross- 
coupling between electrical, mechanical, and 
thermal energies. Such ferroelectric soft ma- 
terials and their polar active derivatives undergo 
achange in electrical polarization in response 
to general forces (mechanical stresses or tem- 
perature changes) and vice versa, enabling a 
series of physical effects, including piezoelectric 
and electrostriction, electrocaloric and pyroelec- 
tric, and a variety of dielectric and ferroelectric 
effects. These multifunctional polymeric mate- 
rials are suitable for many different applications 
in portable, miniaturized, and wearable electro- 
active devices applied at human-machine inter- 


Electromechanical 


=, 
&, 


Artificial muscles 
and soft robotics 


Piezoelectricity Ferroelectrics 


Electrothermal 


Distributed and 
localized cooling 


Relaxor ferroelectrics 


faces because of their easy processability into 
thin, light, tough, and pliable films and fibers. 


ADVANCES: Polymer ferroelectrics have exhib- 
ited marked improvements in electromechanical 
coupling efficiency, electrostrictive strain, elec- 
trocaloric heat-pumping capability, and lifetime, 
which have substantially boosted the develop- 
ment of practical applications based on these 
polar soft materials owing to the facile ap- 
plication of defects in tuning and controlling 
the polarization processes at the monomeric, 
macromolecular, and morphological structure 
levels. For the first time, the piezoelectric and 
electromechanical coupling factors of fluori- 
nated alkyne (FA)-modified relaxor ferro- 
electric tetrapolymers have surpassed those 
of lead zirconate titanate (PZT) piezoceramics, 
the presently most widely used piezoceramics 
in the world. Coupled with the progressive 4% 
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Flexible 
memory 


Pp 


EO polymer 


Capacitors 


Energy storage 


Mixed relaxor and normal ferroelectrics 
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Multiphysical cross-couplings and enabled applications offered by polymeric ferroelectrics. Advances in 
ferroelectric polymers—from homopolymers to tetrapolymers—have promoted applications that harness the 
power of efficient electromechanical, electrothermal, and a variety of dielectric interactions. The synergy of these 
physical effects has stimulated the fast development of flexural active systems, wearable refrigeration, flexible 
memories, and high-efficiency and compact energy storage over the past four decades. VDF, vinylidene fluoride; 


TrFE, trifluoroethylene; CFE, chlorofluoroethylene. 
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electrostrictive strain under a low elect: ne 
field of 50 MV/m, this advancement represel.--— 
step forward in developing efficient wearable 
sensory and haptic devices and soft robots. Ad- 
ditionally, advances in ferroelectric-based elec- 
trocaloric polymers have led to large electrocaloric 
cooling of >7.5 K under ultralow electric fields 
without fatigue. These ferroelectric polymers 
can offer customized, energy-efficient solutions 
to curb the CO, emissions of current commer- 
cial heat pumps, air conditioners (ACs), and 
refrigerators, which are responsible for 60% of 
building emissions. In addition, the most re- 
cently reported electroactive fabrics demon- 
strate versatile strategies for integrating these 
polymer ferroelectrics at haman-machine inter- 
faces in this envisioned low-carbon society. 


OUTLOOK: Understanding and then tailor-making 
the structures and polarization responses of 
polymeric ferroelectrics to obtain respective . 
functionalities are critical for the development 
of these polymeric systems. Given their rich 
underlying chemistry, FA-modified relaxor fer- 
roelectric polymers are likely still in their in- 
fancy. Defect modifications on the molecular 
scale provide a plethora of methods to manip- 
ulate the polar structures and field-induced 
phase transitions on demand. Considering the 
vast pool of monomers and nanoscale extrin- 
sic inclusions that can be selected, defect mod- 
ification in polymer ferroelectrics remains * 
largely unexplored and holds great possibil- 
ity for contributing to green, smart, and meta 
lifestyles. Further identifying and understand- 
ing the various polarization mechanisms and 
processes for each functionality at multiple 
scales will be accomplished by utilizing the 
current advanced, in situ characterization and 
simulation tools at our disposal. For different 
cross-couplings and correlated applications, 
materials should be fine-tuned to exhibit their < 
respective collection of optimized properties. ‘ 
Several mutual challenges should be addressed, 
including realizing low-field operation, a long 
lifetime, viable strategies for integration and 
mass production, and so on. Considering the 
commercially available processes for polymeric 
films, multilayer capacitors, fibers, and fabrics, 
these flexible ferroelectrics are expected to play 
a key role in haptic, sensory, and robotic ap- 
plications in the metaverse, serve as a solid-state 
refrigerant for flat-panel and/or wearable ACs, 
and provide a broad range of localized, bodily 
sensations and tactile effects currently un- 
available on the market. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: qxz1@psu.edu 
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FERROELECTRICS 


Fluoropolymer ferroelectrics: Multifunctional 
platform for polar-structured energy conversion 


Xiaoshi Qian'}, Xin Chen?+, Lei Zhu, Q. M. Zhang?4* 


Ferroelectric materials are currently some of the most widely applied material systems and are constantly 
generating improved functions with higher efficiencies. Advancements in poly(vinylidene fluoride) (PVDF)- 
based polymer ferroelectrics provide flexural, coupling-efficient, and multifunctional material platforms 

for applications that demand portable, lightweight, wearable, and durable features. We highlight the recent 
advances in fluoropolymer ferroelectrics, their energetic cross-coupling effects, and emerging technologies, 
including wearable, highly efficient electromechanical actuators and sensors, electrocaloric refrigeration, 
and dielectric devices. These developments reveal that the molecular and nanostructure manipulations of the 
polarization-field interactions, through facile defect biasing, could introduce enhancements in the physical 
effects that would enable the realization of multisensory and multifunctional wearables for the emerging 
immersive virtual world and smart systems for a sustainable future. 


Ithough functional inorganic materials 
such as semiconductors, piezoelectrics, 
and ferroelectrics often have higher per- 
formance metrics than polymers, arising 
from crystalline order, polymers are at- 
tractive alternatives because of the ease of 
fabrication, mechanical robustness, lower 
weight and cost, and acoustic impedance 
matching to tissues and water. Ferroelectrics 
are insulators that exhibit additional internal 
polarization ordering, called spontaneous po- 
larization P,, whose direction can be reversed 
by applying an electric field (Fig. 1A). Piezo- 
electricity is a linear electromechanical effect 
in which an applied electric field E can induce 
changes in the mechanical stress X in a mate- 
rial and vice versa (Fig. 1B). Piezoelectrics 
are used in actuators, transducers, sensors, 
and solid-state motors (7). While not all piezo- 
electric materials are ferroelectric, ferroelec- 
trics exhibit the strongest piezoelectricity 
among the known piezoelectrics. Ferroelec- 
trics also find applications in high-permittivity 
capacitors, nonvolatile memories, and electro- 
optical devices (J, 2). 
These effects were first discovered in inorganic 
materials and later in polymers. Piezoelectricity 
in mechanically stretched poly(vinylidene fluoride) 
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(PVDF) was reported by Kawai in 1969 (3), 
and ferroelectricity in the 1970s (4). The devel- 
opment of P(VDF-TrFE) in the early 1980s, in 
which VDF is vinylidene fluoride and TrFE is 
trifluoroethylene (5-8), enabled stronger piezo- 
electricity and ferroelectric responses without 
the need for mechanical drawing (9). These 
polymer ferroelectrics have found application in 
commercial products such as wearable sensors, 
deformable and flexible transducers for medi- 
cal imaging, underwater navigation, soft robots, 
and actuators (9). 

Polarization in normal ferroelectrics is pres- 
ent as macroscopic domains. Breaking macro- 
scopic polar domains into nanoscale polar 
regions through defects and dopants trans- 
forms a normal ferroelectric into a relaxor fer- 
roelectric that exhibits a large and reversible 
(hysteresis-free) electric field-induced polar- 
ization change over a broad temperature range 
(Fig. 1C) (0). In all ferroelectrics, the direct 
coupling of the polarization in the material 
with external stimuli such as mechanical 
stress X, temperature 7, magnetic field, and 
optical signals is what leads to a myriad of 
functional properties and applications. Thus, 
the discovery and development of relaxor fer- 
roelectricity in the late 1990s and early 2000s 
in defect-modified P(VDF-TrFE) polymers such 
as P(VDF-TrFE-CFE) terpolymers (where CFE 
is chlorofluoroethylene) created a design par- 
adigm for polymer ferroelectrics with useful 
properties such as giant electrostriction and a 
giant electrocaloric effect (ECE) owing to the 
electric field-induced large and reversible po- 
larization changes between the nonpolar mo- 
lecular conformations and polar conformation 
(11, 12). Electrostriction is a nonlinear electro- 
mechanical effect in which the mechanical 
strain # and stress X are proportional to the 
square of the electric field (and polarization) 


(73). Giant electrostriction expands the ap- 
plications of ferroelectrics to artificial mus- 
cles, better-performing soft robots, and many 
other electromechanical applications. The 
ECE is the electric field-induced temperature 
change in a material (Fig. 1D) (11, 12, 14, 15). 
The ECE is attractive for solid-state refrigera- 
tion that emits zero greenhouse gas and is com- 
pressor free. 

The easy fabrication, mechanical robustness, 
and acoustic impedance matching to tissues 
and water of these ferroelectric polymers, 
coupled with advanced manufacturing, have 
led to developments and potential applications 
in fiber wearables, flat-panel and flexible air 
conditioners (ACs), biomedical devices, arti- 
ficial muscles, soft robots, emissive energy 
sensing, and imaging. Several products in 
wearables, biomedical devices, and soft robots 
have been commercialized, and others are still 
under research development (16-26). 


Cross-coupling phenomena 


The coupling between polymers’ electric and 
mechanical energies in the form of the piezo- 
electric effect (3-9, 16-18, 20, 27) is their most 
widely used feature. The piezoelectric effect is 
a linear electromechanical effect (7, 28), where 
a mechanical strain w and stress X generate a 
charge or voltage output and vice versa 


D= dX and «= dE (1) 


where E£ is the electric field, D (~P in ferroelec- 
trics) is the surface charge density (electric 
displacement), and d is the piezoelectric co- 
efficient. The electromechanical coupling fac- 
tor & is another key parameter, and k° (or gdY, 
where g is the piezoelectric voltage coefficient 
and Y is the elastic modulus) measures the 
energy conversion efficiency between electric 
and mechanical forms (J, 2, 27). 

Electrostriction is another nonlinear elec- 
tromechanical effect that exists in all insu- 
lators, with 


«= QP” (2) 


where Q is the electrostrictive coefficient. It 
has gained increased interest after the discov- 
ery of giant electrostriction in polymer relaxor 
ferroelectrics (11, 13, 29). In ferroelectrics, the 
piezoelectric effect is considered to arise from 
the electrostriction under a remanent polar- 
ization bias (73, 27). 

The cross-coupling between polarization and 
temperature in insulating dielectrics that have 
polar ordering generates the pyroelectric ef- 
fect (, 15). In simple terms, the pyroelectric 
effect refers to the polarization change caused 
by a temperature variation, (97) ,, whereas the 
reverse process, a reversible entropy (S) or tem- 
perature (T) change generated by an electric 
field change, (#) , for example, the ECE, exists 
in all insulators. The ECE is usually charac- 
terized by an electric field-induced isothermal 
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Fig. 1. Underlying mechanism in polymer ferroelectrics. (A) Typical P-E loop 
of normal ferroelectric polymers. (B) Schematic of piezoelectricity. (©) Typical 
P-E loop of a relaxor ferroelectric polymer. (D) Schematic of electrothermal 
coupling. (E) Schematics of dipole rotation in the pseudo-hexagonal crystal 
structure and orthorhombic unit cell (red line) of B-phase PVDF (27). (F) Basic 
conformations, different interchain and intrachain combinations of which form 
various phases in PVDF polymers. t, trans; g/g’, gauche. (G) Schematic of the 
geometry changes in a conformational change from 3/1 helix to tttt (27). In (E) 
to (G), yellow atoms are fluorine, blue atoms are carbon, and green atoms are 
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hydrogen (27). (H) Toroidal topological texture self-organized in a ferroelectric 
P(VDF-TrFE) polymer (47). (1) Enhanced piezoelectric effect at the MPB of 
P(VDF-TrFE) copolymers (48). (J and K) Giant enhancement of the ECE (J) and 
EM coupling efficiency (K) in C=C modulated tetrapolymers (22, 27). Numbers 
one to five in (K) refer to k33 in the following ferroelectric materials: 1, 
P(VDF-TrFE); 2, P(VDF-TrFE) single crystal; 3, P(VDF-TrFE) at the MPB; 4, PZT; and 
5, P(VDF-TrFE-CFE-FA) (27). [(E) to (G) and (K) adapted with permission from 

(27). (H), (I), and (J) adapted with permission from (47), (48) copyright © 2018 
Springer Nature, and (22) copyright © 2021 Springer Nature, respectively. ] 


entropy change AS and an adiabatic temper- 
ature change AT. From Landau-Devonshire 
(L-D) phenomenological theory 


AS = —"/ BP? (3) 


in ferroelectrics, where f is a coefficient in L-D 
theory that characterizes the electrothermal 
coupling (75). In many cases, the two are relat- 
ed as TAS = Cz; AT, where Cz is the specific heat 
of the EC material at a constant F (J, 15). 

The ECE in polymers is a more recent dis- 
covery than the piezo- and pyroelectric effects. 
Electrocaloric (EC) refrigeration is a highly 
promising solid-state alternative for cooling 
(30-32) that emits zero greenhouse gases and 
is compressor free, scalable, and compact (32). 
Although the ECE was observed in Rochelle 
salt in 1930 (33, 34), ECE studies in the past 
century were performed on inorganic ferro- 
electrics, where the small ECE observed was 


Qian et al., Science 380, eadg0902 (2023) 12 May 2023 


not sufficient for practical use (35-37). Only 
recently has EC polymer research discovered 
that facile defect modification of PVDF-based 
relaxor ferroelectric polymers can lead to a 
giant room-temperature ECE at ultralow elec- 
tric fields (14, 22, 38, 39). 


Polarization responses and coupling to 
external stimuli 


In ferroelectrics, the coupling (interaction) be- 
tween the polarization and various external 
stimuli such as mechanical stress _X, temper- 
ature 7, magnetic field B, and light signals is 
what generates various cross-coupling phe- 
nomena (ferroelectrics are multifunctional). Po- 
larization changes in ferroelectrics originate 
from different sources and processes that gen- 
erate different cross-coupling phenomena. Al- 
though exhibiting a similar polarization change, 
the domain switching of an antiparallel polar 


arrangement, which generates very little elec- 
tromechanical (EM) coupling, is fundamentally 
distinct from the field-induced polar reorien- 
tation in a three-dimensional (3D) polar struc- 
ture, which produces strong EM coupling (40). 
In addition, nonvolatile memory demands an 
irreversible P, arising from the existence of 
macroscopic polarization domains, whereas 
giant EC cooling materials were discovered 
among relaxor polymers, in which the po- 
larization responses arise from highly polar- 
disordered to ordered phases that exhibit high 
reversibility and efficiency (Fig. 1D) (22). 

In polymer ferroelectrics, the polarization 
processes occur at molecular, nanoscopic, meso- 
scopic, and macroscopic scales. In the ferro- 
electric phase (B-phase), chains of the all-trans 
(tttt) conformation form a hexagonal crystal 
structure (Fig. 1E). The polarization change 
under electric fields occurs through successive 
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60° dipole rotations (9). Here, a 180° (y' direc- 
tion to y direction) dipole rotation generates a 
large polarization change but zero strain. The 
dipole rotations from the x (60°) and 2’ (120°) 
orientations to the y direction generate both 
a polarization change and mechanical strain. 
Bernholc and colleagues carried out a den- 
sity functional theory calculation of the EM 
effect realized through these polarization rota- 
tions and showed an electrostrain of -1.1% 
and a small electrostrictive coefficient Q33 of 
-2.9 m*/C”, which is nearly the same as the 
experimentally observed Q33 in P(VDF-TrFE) 
polymers (27). 

Adding small amounts of defects such as 
monomers (e.g., CFE), which are bulkier in 
size than the VDF and TrFE monomers in 
VDF-TrFE polymer chains, converts the all- 
trans chain conformation of the B-phase to a 
chain morphology of mixed conformations of 
all four types (Fig. 1F), the proportions of which 
depend on the CFE content. Including ~6 mol % 
CFE in P(VDF-TrFE) chains eliminates the all- 
trans conformation and converts the polymer 
into a relaxor that displays a reversible and 
large polarization change at room temperature. 
Moreover, the relaxor polymer generates an 
electroactuation strain of —7% and a —Qs33 of 
>10 m*/C’, indicating that the polarization 
changes in the relaxor terpolymer are more 
efficient in EM coupling. This can be under- 
stood from the large difference in the poly- 
mer chain dimensions between the highly 
polar all-trans bonds and the three other bonds, 
for example, trans-gauche-trans-gauche' (igtg”), 
tagtsg’, and 3/1 helix (tgtgtg or tg'tg’tg") (Fig. 1F). 
Switching from these three nonpolar or nearly 
nonpolar bonds to the ¢ttt bonds generates 
larger electroactuation and a higher |Q33|. For 
example, the conformational change from 3/1 
helix to ¢ttt can generate an interchain strain 
(dspace) Of ~8% (Fig. 1G). 

By replacing a small amount (~2 mol %) of 
bulky CFE with fluorinated alkyne (FA), which 
has a smaller monomer size than VDF and 
TrFE, the relaxor P(VDF-TrFE-CFE-FA) tetra- 
polymer displayed a Q33 of -40 m*/C”, generat- 
ing large electroactuation at ultralow electric 
fields (<50 MV/m) and ultrahigh piezoelectric 
coefficient and EM coupling at a DC bias as 
low as 20 MV/m. The tetrapolymer exhibited 
a diffused critical endpoint transition region 
at which the energy barriers for switching 
from nonpolar to polar molecular conforma- 
tions become small owing to the presence of 
a small number of polar seeds. Thus, a small 
change in the electric field induces large elec- 
troactuation (47). A similar enhancement was 
also observed in the ECE. A giant ECE at an 
ultralow electric field was observed in P(-VDF- 
TrFE-CFE-FA) relaxor tetrapolymers with only 
0.6 mol % FAs. Moreover, the B coefficient 
in Eq. 3 of the tetrapolymer is four times that 
of P(VDF-TrFE-CFE) (22). The results for these 
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relaxor polymers reveal the critical impor- 
tance in facile application of molecular dis- 
similarities and defects to control different 
polarization processes and tailor barriers for 
desired polarization switching to generate 
the desired material performance at high 
efficiency. 

Among polymer ferroelectrics, including 
nylon-based ferroelectrics and others (9, 42, 43), 
PVDF-based polymers exhibit the best ferro- 
electric, EM coupling, and electrothermal 
coupling properties. Moreover, PVDF-based 
ferroelectric relaxor polymers display the high- 
est reversible room-temperature polarization 
changes, making them attractive for energy 
storage and other dielectric applications. 


PVDF-based ferroelectrics 
PVDF and P(VDF-TrFE) copolymers 


PVDF is the first known polymer ferroelectric. 
Copolymerizing VDF with TrFE stabilizes the 
ferroelectric B-phase without drawing, and 
P(VDF-TrFE) shows a ferroelectric-paraelectric 
(F-P) transition at >18 mol % TrFE (9, 44). VDF 
has a dipole moment of 3.0 D in the B-phase. 
TrFE has a dipole moment of approximately 
half that of VDF in the B-phase. Therefore, in- 
creasing the amount of TrFE in the copolymers 
will weaken the ferroelectricity, as reflected by 
the decrease in the F-P transition temperature 
with the TrFE content; and at a TrFE content 
of >45 mol %, the F-P transition becomes con- 
tinuous (9). Additionally, P(VDF-TrFE) is a semi- 
crystalline polymer, and the ferroelectricity 
is from the crystalline phase. Whereas the crys- 
tallinity of PVDF is ~50%, P(VDF-TrFE) at 
compositions near 70/30 mol % can reach a 
crystallinity of >90%. The copolymers near 
this composition exhibit the best ferroelec- 
tric and EM properties (9). In addition to the 
crystallinity, the crystalline orientation (and 
mechanical drawing) also has a big influence 
on ferroelectric and other functional prop- 
erties (9, 27, 45). Moreover, as early as 1998, 
Bune et al. reported 2D ferroelectrics for 
Langmuir-Blodgett P(VDF-TrFE) films two 
molecular layers thick (46). 

All of these properties make P(VDF-TrFE) a 
useful material system for developing an under- 
standing of ferroelectricity in polymers. For 
example, polar topological textures have be- 
come an emerging research field for exotic 
phenomena and potential application in recon- 
figurable electronic devices. In 2021, Guo et al. 
reported a toroidal topological texture self- 
organized P(VDF-TrFE) copolymer that exhib- 
its a concentric topology with anti-coupled 
chiral domains (Fig. 11) in spin-coated thin 
films with polymer chains vertically aligned 
and a permanent polarization lying along an 
in-plane direction of the film (47). The inter- 
play among the elastic, electric, and gradient 
energies in the highly strained polymer films 
results in continuous rotation and toroidal as- 


sembly of the polarization perpendicular to 
polymer chains, whereas relaxor behavior is 
observed along polymer chains. Moreover, the 
toroidal polar topology of the films also exhib- 
its the ability to microscopically manipulate 
terahertz waves, which might find application 
in terahertz raster scanning and spatial light 
modulators (47). 

The piezo d; coefficients and EM coupling 
efficiency of PVDF and P(VDF-TrFE) are ap- 
proximately one order of magnitude lower than 
those of their ceramic counterparts (Table 1). In 
ferroelectrics, the morphotropic phase bound- 
ary (MPB) is a transition region in the phase 
diagram bridging two nearly energetically de- 
generate phases with distinct symmetries, thus 
lowering the polarization rotation barriers and 
consequently enhancing the piezoelectric re- 
sponse. In 2018, Liu et al. reported the dis- 
covery of an MPB in P(VDF-TrFE) copolymers, 
and the P(VDF-TrFE) copolymers at MPB com- 
positions had a piezoelectric d33 of -63.5 pm/V, 
double that of compositions away from the 
MPB, albeit still far below the d33 of 650 pm/V 
for the inorganic counterpart (Fig. 11) (48). In 
contrast to their inorganic counterparts, the 
dz3 and Q33 Of PVDF-based ferroelectric poly- 
mers exhibit negative signs because of the 
chain conformations and crystal structures of 
polar and nonpolar phases (27, 49). 

In contrast to the piezoelectric effect, P(bVDF- 
TrFE) copolymers, which have intrinsic “polar 
disorder” in the paraelectric phase, should 
generate a large ECE near the F-P transition. 
A paraelectric is a dielectric that lacks polar 
ordering and transitions to a ferroelectric at 
certain temperatures or under mechanical 
stresses. Using Eq. 3, AS = —%4BP”, it leads to 
AS = 96 J/(kg-K) and AT = 26 K at the F-P 
transition of 100°C of P(VDF-TrFE) copolymers, 
orders of magnitude higher than observed in 
ceramics (15, 50). Experimental studies of 
the ECE in P(VDF-TrFE) near the F-P transi- 
tion confirmed this in the late 2000s (/4, 51). 


Relaxor ferroelectrics and their nanocomposites 


Relaxor ferroelectrics were discovered in the 
late 1990s, creating a new polymer ferroelec- 
tric design paradigm and offering promis- 
ing properties in several technological areas 
(11, 12, 52, 53). Incorporating molecular de- 
fects such as a small molar percentage of 
monomers, for example, CFE and chlorotri- 
fluoroethylene (CTFE), which are bulkier than 
VDF and TrFE in P(VDF-TrFE) normal ferro- 
electrics, effectively modulated the crystalline 
and domain structures and eliminated un- 
desired ferroelectric hysteresis. The broad di- 
electric transition peak of the resulting relaxor 
ferroelectric polymer moved to room temper- 
ature, with a high dielectric constant K > 50, 
which is the highest among all known polymers 
at room temperature, while maintaining a large 
and reversible polarization change (JI, 12). 
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Table 1. Advances in EM performance. Summary of piezoelectric effects and EM couplings for PVDF-based polymers and comparison with ceramic PZT 
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In most EM applications, piezoelectric mate- 
rials with large electroactuation strains (large 
shape changes) are highly desired. For fer- 
roelectric polymers, the small piezoelectric 
coefficients, even under a high electric field of 
150 MV/m, limit the electroactuation strain to 
<-1%. The PVDF-based relaxor polymers were 
the first among electroactive polymers that 
generated ultrahigh electroactuation of >—7% 
at room temperature (and Av/AE > 400 pm/V), 
much higher than that of the normal ferro- 
electric P(VDF-TrFE) (12, 29). 

A giant ECE was discovered in PVDF-based 
relaxor polymers at room temperature, AT = 
20 K [and AS = 100 J/(kg:K)], in electron beam- 
irradiated P(VDF-TrFE) copolymers and AT = 
16 K [and AS = 80 J/(kg-K)] in P(VDF-TrFE- 
CFE) terpolymers at an electric field of 150 MV/m 
(38, 39). The relaxor P(VDF-TrFE-CFE) and 
P(VDF-TrFE-CTFE) terpolymers have been 
scaled up and are now commercially available 
from Arkema Piezotech. These EC polymers 
enabled EC device studies, which demonstra- 
ted the potential of EC cooling, especially for 
wearable, localized, and distributed cooling 
(23, 24, 32, 54-56). The large ECE and wide 
temperature window rendered the terpolymer 
an effective base matrix for developing various 
types of nanocomposites in seeking a larger 
ECE, better field efficiency, and better overall 
thermal and mechanical parameters than the 
neat polymers (19, 57, 58). At higher electric 
fields, >200 MV/m (Table 2), a much larger 
ECE can be generated in relaxor ferroelectric 
polymer nanocomposites (58, 59). 

Polymer relaxors also provide another ave- 
nue for studying relaxor phenomena. Despite 
more than five decades of intensive research, 
polymer relaxors remain one of the least under- 
stood material families among ferroelectric 
materials. Liu et al. showed that the relaxor 
behavior of ferroelectric polymers originates 
from conformational disorder, differing com- 
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-858 0.74 34 
-1050 0.88 36 
=) 0.71 64 


ss 
Table 2. Advances in the EC effect. Summary of the EC performance of PVDF-based polymers and 
their inorganic nanocomposites. BNNs, boron nitride nanosheets; BST, barium strontium titanate; nfs, 
nanofibers; BFBZT, BiFeO3 nanoparticles in Ba(Zro,.2;Tip.79)03. 


Material 


Terpolymer P(VDF-TrFE-CFE) 
59.2/33.6/7.2 mol % 


T (K) 


E)/BST nfs 


-ceramic scaffold 


F-TrFE-CFE)/B10 


P(VDF-TrFE-CFE-FA) 


pletely from classic perovskite relaxors, which 
are typically characterized by chemical dis- 
order and the presence of nanoscale polar do- 
mains (10, 60). 


FA defect-modified relaxor ferroelectrics 


Although the giant ECE and giant electro- 
actuation in relaxor polymers such as P(VDF- 
TrFE-CFE) terpolymers have generated great 
interest, a key limitation for applications has 
been electric breakdown, for example, the volt- 
age is so high that the device arcs and fails. 
The large ECE (Table 2) and large electrostrain 
reported are measured near the dielectric 
breakdown of small samples. For reliable 
device operation, the applied voltage (and 
electric field) should be far below the electric 
breakdown for the materials used in the de- 
vice. For example, for P}VDF-TrFE-CFE) ter- 


AE (MV/m) AS (J/kg-K) AT (K) Reference 


50/80 38/70 7.5/14 (22) 


polymers, this limiting field is ~60 MV/m. The 
EC-induced AT under this field for the best 
terpolymers is 3 K (23, 24, 39). For caloric 
refrigeration to provide meaningful cooling, 
an EC AT > 5 Kat the limiting field is required 
(22-24, 61-63). 

A giant ECE under low electric fields was 
recently reported in a high-entropy EC poly- 
mer. By replacing a small amount (0.6 mol %) 
of bulky CFE in P(VDF-TrFE-CFE) with double 
bonds (FA), the resulting polymer exhibited a 
large ECE (AT > 7 K) under 50 MV/m (Fig. 1J) 
(22). Moreover, no sign of fatigue appeared 
after 1 million electric cycles (22). The simula- 
tion results showed that the solid-state re- 
frigerator operating the high-entropy polymer 
through an active regeneration cycle exhib- 
ited a high cooling power density greater than 
10 W/cm? (and 5 KW/kg) at zero temperature 
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span, Typan, OF a Typan Of >50 K at no load (22, 56). 
The simulation results suggested that the 
EC-based air conditioning/heat pump (AC/HP) 
system has the potential to reach a similar ref- 
rigeration power/refrigerant charge ratio to that 
of a vapor compression cycle-based AC/HP sys- 
tem, which requires between ~1 and ~1.6 kg of 
refrigerant charge to offer between ~5 and 
~6 kW of heating and cooling capacity (64). 

In addition to the FA-modified P(VDF-TrFE- 
CFE) terpolymers, Le Goupil et al. reported 
ECE enhancement for FA-modified P(VDF- 
TrFE-CTFE), from AT = 1.3 K for the pristine 
terpolymer to AT > 2 K with 5 mol % FAs, a 
60% enhancement (65). The CTFE-based re- 
laxor terpolymer and tetrapolymer generate 
much smaller ECEs than their CFE-based 
counterparts, indicating the critical importance 
of properly designed defects in influencing 
and controlling the polarization responses of 
PVDF-based ferroelectric polymers. 

Ultrahigh piezoelectricity and EM coupling 
efficiency were observed in FA-modified 
P(VDF-TrFE-CFE) at ~2 mol % FAs (27). Under 
alow DC bias of 40 MV/m, the mechanically 
stretched tetrapolymer exhibits an EM cou- 
pling factor 433 (an indicator of the efficiency 
of EM energy conversion) of 88% and a piezo- 
electric coefficient d33 of -1050 pm/V (Table 
1 and Fig. 1K). For the tetrapolymer P(VDF- 
TrFE-CFE-FA) (63.6/30/4.4/2 mol %), even at a 
20 MV/m DC bias, d33 = -1177 pm/V and a 
coupling factor of 71% can still be obtained. 
These values are higher than those of the most 
widely used piezoelectric material, lead zirco- 
nate titanate (PZT). Considering that these 
tetrapolymer films can be easily made into 
films less than 3 um thick, the DC bias voltage 
for 20 MV/m is <60 V. Most ferroelectric de- 
vices are in the multilayer (ML) film form, 
which decouples the dielectric layer thickness 
from the device thickness (63, 66). More- 
over, ~2 mol % FAs in the P(VDF-TrFE-CFE) 
68/32/7.3 mol % terpolymer enhanced the electro- 
actuation by more than three times at 60 MV/m 
compared with the neat terpolymer (27). 


Electromechanical applications of 
PVDF-based polymers 


PVDF-based ferroelectric polymers have been 
targeted for wearable and implantable mecha- 
nical energy harvesters and green energy har- 
vesters since the early 1980s. Examples include 
an implantable physiological power supply 
driven by the spontaneous breathing of a 
dog (67) and a PVDF stave inserted beneath 
the feet for generating electrical energy during 
walking (68). The low acoustic impedance of 
ferroelectric polymers is well matched to water 
and tissues and enables efficient power trans- 
mission between acoustic and ultrasound trans- 
ducers and tissues as well as water, which is 
desirable for sensing and imaging (6, 69). 
For electroactuation, relaxor polymers with an 
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elastic modulus of >0.2 GPa and an actuation 
strain of >5% at low electric fields (27) perform 
better than ferroelectric ceramics and are bet- 
ter suited for applications that require a large 
strain and a high force level in free-standing 
films at low electric fields. Such applications 
include artificial muscles, soft robots, and 
haptic feedback. 


Energy harvesters and charge generators 


Extensive studies have been performed with 
PVDF-based polymers for energy harvesting 
(70-75). For a piezoelectric energy harvester, 
the output energy is proportional to the square 
of the EM coupling factor. To improve the en- 
ergy harvesting performance, polymer com- 
posites with piezoelectric ceramic nanofillers 
have been shown to be effective. The selec- 
tion of nanofillers should focus on high-d 
but low-K ceramics. For example, a PVDF com- 
posite with 5 vol % oriented BaTi,O; nanorods, 
which has a K < 100 and a d33 comparable to 
that of PbTiOs, exhibits twice the peak output 
power density (0.82 1. W/cm?) than that of neat 
PVDF (76). 

Synergy of piezoelectric and triboelectric ef- 
fects is another effective way to reinforce en- 
ergy harvesting. The remnant polarization of 
ferroelectric polymers can effectively strength- 
en the triboelectric effect, and Yousry et al. re- 
ported, together with the piezoelectricity of 
ferroelectrics, an effective piezoelectric charge 
coefficient AQ/AF = -1065 pC/N and a peak 
output power density of 0.21 u.W/cm? at an 
acceleration of 3G (where G = 9.8 m/s”, the 
gravitational acceleration) (77). 


Polymer fiber wearables 


For wearable piezoelectric polymer devices 
(74, 78, 79), PVDF-based polymers can be fab- 
ricated into fibers and then into clothing. 
Electrospun PVDF fibers (18, 80, 81) can be 
easily incorporated into composite materials 
to further enhance the performance. The sur- 
face of nanofillers was proposed to generate 
electrostatic interactions with PVDF chains 
that facilitate the formation of the B-phase, 
thus enhancing the piezoelectric performance. 
For example, adding both graphene nanosheets 
and barium titanate (BaTiO3, or BTO) nano- 
particles resulted in a >90% content of the 
B-phase of PVDF fibers, which can work as a 
high-performance flexible piezoelectric nano- 
generator (PENG) (Fig. 2A). The device exhib- 
ited an output voltage of ~11 V with a maximum 
electric power of 4.1 u.W under a loading fre- 
quency of 2 Hz and a strain of 4 mm (82). 

A bioinspired fabric containing P(VDF-TrFE)/ 
BaTiO; nanocomposite fibers as acoustic sen- 
sors exhibits good performance in sound de- 
tection. The nanocomposite fiber exhibits a dz, 
of ~45 pC/N (pm/V), compared with a value of 
20 pC/N for the pure P(VDF-TrFE) fiber (20). 
By mimicking the natural tympanic system 


(Fig. 2B), a membrane with a combination of 
high- and low-modulus yarns enables re- 
cording of short impulses of acoustic vibra- 
tions of only 10~’ atmosphere pressure waves. 
The P(VDF-TrFE) composite fibers on the mem- 
brane produce an electrical output that is two 
orders of magnitude higher than that of the 
standalone fibers. The resulting minimum 
sound detection capability is 0.002 Pa (40 dB, 
the sound pressure level in a quiet library). A 
sensitivity of 19.6 mV was measured for the 
fiber-on-membrane, which is comparable to 
that of the off-the-shelf condenser and dy- 
namic microphones, for which the values are 
typically 5 mV (20). 

An emerging area in which polymer ferro- 
electrics can play a role is face masks (Fig. 2C), 
which are key personal protective equipment 
in protecting people from viral infection. The 
heart of state-of-the-art face masks (e.g., the 
N95 mask) is the electrostatic polypropylene , 
(PP) polymer fiber air filter, which, through 
surface charges (electrostatic forces), traps (fil- 
ters) viruses, prevents them from reaching the 
face, and increases the efficiency by several 
orders of magnitude for the same pressure 
drop compared with pure mechanical filters. 
However, the low thermal stability (<60°C) of 
PP electrets limits their shelf life and service 
life. In addition, the surface charge in PP elec- 
trets is several orders of magnitude lower than 
that in PVDF polymers. Indeed, PVDF poly- 
mer fiber meshes, through the piezoelectric 
effect (mechanical motion during breathing) 
and pyroelectric effect (temperature change 
during breathing), have been shown to be 
able to generate a much higher voltage (and 
charge) than PP electrets (27). Furthermore, 
PVDF fiber meshes can be easily cleaned (dis- 
infected) by washing. In addition to PVDF 
fiber meshes, the piezoelectric poly(1-lactic 
acid) (PLLA) filter has also been shown to 
possess a high filtration efficiency for human 
breathing, also due to the piezoelectric charge 
naturally activated by respiration through the 
mask (26). 


Ultrasonic imaging 


In high-frequency medical and biological ultra- 
sound imaging, P(VDF-TrFE) is extremely use- 
ful because of its low acoustic impedance, 
excellent flexibility, and ability to exhibit 
stable piezoelectric/dielectric properties in thin 
films (micrometer scale) (16). Commercial in- 
strumentation of high-frequency ultrasound 
transducers has also been developed for image 
recognition, such as the Qualcomm finger- 
print scanner. The scanner is constructed by 
film capacitor field-effect transistors, wherein 
P(VDF-TrFE) high-density arrays work as the 
gate dielectric to recognize the pressure with 
good spatial resolution. The scanner detects 
3D details and fingerprint characteristics such 
as ridges and sweat pores, which cannot be 
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Fig. 2. Advances in EM applications using PVDF-based polymers. (A) Optical image of a wearable 
PVDF-based energy harvester. Schematic structure of a PENG and diagram of its flexibility. The inset shows 
a schematic of the device (red layer, aluminum foil; green layer, PVDF fibers; gold layer, PET) (82). 

(B) Schematic of PVDF/BTO composite fibers integrated with an acoustic fabric (20). (C) Schematic of a 
prototype piezoelectric polymer-based reusable mask (26). (D) Schematic of the finger pattern imagined 
by the Qualcomm finger scanner. (E) (Top) Optical photo showing an insect-scale robot. The inset scanning 
electron microscopy image shows the cross-sectional view of the prototype robot with different layers of 
materials. (Bottom) Comparison of the wavelike running paths showing the movement of the center of mass 
of a cockroach (17). (F) Schematic of PVDF relaxor—based localized tactile feedback devices (25). RFP, 
relaxor ferroelectric polymer. [(A), (B), (C), (D)/(E), and (F) adapted with permission from (82) copyright © 
2018 Elsevier, (20) copyright © 2022 Springer Nature, (26) copyright © 2022 Wiley, (17), and (25) copyright 


© 2019 American Chemical Society, respectively. ] 


detected with capacitive touch-based or optical 
options and has a thin and compact device 
size (Fig. 2D) (83). Such ferroelectric polymer 
ultrasonic image recognition technology has 
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broad impacts, including personal IDs, gate 
access for buildings, smart car ignition, and 
others by providing higher sensitivity and 
more-detailed biological information. 


Soft robotics 

The high ductility and easy fabrication in the 
desired and complicated form enable the use 
of PVDF-based polymers in soft robotics. Mo- 
bility and robustness are two important fea- 
tures for practical applications of robots. Soft 
robots made of polymeric materials may po- 
tentially achieve both attributes simultane- 
ously. Wu et al. reported soft robots based on 
a curved PVDF unimorph piezoelectric struc- 
ture, whose relative speed of 20 body lengths 
per second was one of the fastest reported for 
artificial insect-scale robots (17). The design 
(Fig. 2E) is inspired by several principles of 
animal locomotion. Such fast and ultrarobust 
insect-scale soft robots have potential for ap- 
plication in environmental exploration, struc- 
tural inspection, information reconnaissance, 
and disaster relief. The results also showed 
that the improved piezoelectric performance 
of the tetrapolymers enables better mobility of 
soft robots. 


Haptic actuators 


Emerging virtual and augmented reality tech- 
nologies are raising the demand for commu- 
nication between humans and the virtual 
world, including optical, auditory, and tactile 
feedback. Haptic technologies enable humans 
to touch and interact with the contents of 
virtual environments (84). Haptic actuators 
generate vibrations at frequencies most sen- 
sitive for human touch, a few hundred hertz, 
with a high acceleration of a few Gs. The large 
strain (and hence displacement) of the relaxor 
polymer thin-film actuators provides excellent 
matching to the required haptic actuators. 
Compared with traditional actuator technol- 
ogies that rely on piezoceramics, relaxor fer- 
roelectric polymers can generate >50 times 
larger strain without mechanical failure. A 
haptic device commercialized by KEMET with 
thin-film relaxor polymer actuators can gen- 
erate a 0.2 mm out-of-plane displacement with 
a 210 V operation voltage (85). 

Another design for localized tactile feedback 
was reported by Duong et al. The active layer 
of the P(VDF-TrFE-CTFE) terpolymer is sand- 
wiched by an electrode and a spacer that sep- 
arates the layer from touching another electrode 
(Fig. 2F). The flexible active material and large 
actuation enable localized tactile feedback. 
A 200-Hz AC voltage is applied on the elec- 
trode. Upon finger pressing, the active layer 
locally touches the other electrode, resulting 
in a localized electric field being applied on 
the terpolymer and triggering its electrostric- 
tive actuation to generate localized vibrational 
tactile feedback (25). 


Polymer-based EC refrigeration 


As an EC material reversibly heats up and 
cools down under electric cycles, a refrigera- 
tion cycle, such as the Brayton cycle, can be 
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formed to pump heat from a heat load to a 
heat sink (32). By exploiting the large ECE in 
commercial relaxor terpolymers, several EC 
cooling modules have been developed. 


Active EC regeneration 


Gu et al. reported a series of EC devices (Fig. 3A) 
that use EC polymers and ceramics fabricated 
in multilayer capacitor structures (56, 86, 87). 
To accumulate the heating and cooling effects 
at the cold and hot ends of the device and 
further extend the temperature span of the 
device, active electrocaloric regeneration (AER) 
in a polymeric EC device was first demonstra- 
ted in 2013 (56). A regenerator with anisotropic 
thermal conductivity was designed and fab- 
ricated to minimize the heat loss between the 


Fig. 3. Advances in EC cooling A 
technologies using PVDF- 

based polymers. Prototypes 

of EC refrigerators using ferro- 
electric polymers as solid-state 
refrigerants. (A) All-solid EC 
cooling device using electron- 
beam irradiated copolymers and 
operating under an AER cycle 
(56). (B) Schematic of an ML 
rotary EC cooling device operating 
under an AER cycle. (C and 

D) Schematics of the EC refriger- C 
ator using a fluid (air) as the 
regenerator (C); a maximum 
temperature span of 14 K 

was achieved (D) (91). (E and 

F) Cooling tube made of relaxor 
ferroelectric polymers (E) 
providing heating and cooling to 
the fluids that pass through it 

(F) (94). (G@ and H) Tandem EC 
prototype using electrostatic 
oscillation (G) to operate the E 
efrigeration cycle and introduce 
apid cooling to a lithium battery 
(H) (23, 24). [(A), (B), (C)/(D), 
(E)/(F), and (G)/(H) adapted with 
permission from (56) AIP 
Publishing, (91), (94) copyright © 
2022 Elsevier, and (23) and (24) 
copyright © 2022 Springer 
Nature, respectively. ] 
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hot and cold ends of the chip-sized device. 
The device exhibited a 6.6 K temperature 
span at room temperature and a frequency 
of 1 Hz, which is comparable to that of the 
all-solid EC device reported by Wang e¢ al. 
in 2020 using multilayer ceramic capacitors 
(MLCCs) (88). 

An AER device with counterrotating EC 
disks has also been developed, numerically 
and experimentally (Fig. 3B) (86, 89). In this 
AER counterrotating disk device design, the 
inactive heat regeneration layers are elimina- 
ted, and, instead, the active EC layers stacked 
in the counterrotating disks serve both the re- 
generation layers and the active EC working 
body, thus improving the AER performance. 


Because of the ease of applying an electric 


= 
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field to the EC unit in the disks, the device 
geometry can be more sophisticated than that 
based on magnetocaloric and barocaloric ef- 
fects (55, 90). 

In addition to all-solid EC devices, solid- 
fluid coupling heat exchange was also used to 
boost efficient heat transfer. By using the com- 
mercial EC terpolymer as a cooling core that 
directly transfers the heat to the reciprocal 
air flow, the United Technologies Research 
Center (UTRC) reported a heat exchanger- 
free “direct air cooling device” (97). Different 
from the design of all-solid EC devices, a de- 
vice using solid-fluid contact can drastically 
reduce the energy loss from the interface ther- 
mal resistance and eliminate the passive heat 
exchanger (92, 93). The prototype developed 
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by the UTRC demonstrated a 14°C Typan at 
room temperature (Fig. 3, C and D) (91), 
which is the highest among all EC devices 
(23, 24, 62, 88, 94, 95). By ensuring good ther- 
mal contact during refrigeration cycling, EC 
cooling devices are expected to exhibit a large 
cooling power (>1 KW) using a device design of 
solid-fluid coupling (54). Moreover, solid-fluid 
heat transfer can be realized by designing EC 
polymeric tubes that exchange heat with the 
fluid running through them (Fig. 3, E and F) (94). 


Electrostatic EC heat pumps 


By integrating the electrostatic force and the 
ECE, an EC cooler without external motors 
that enhances the device coefficient of per- 
formance (COP) is possible. Ma et al. reported 
a flexible cooling device made of a P(VDF- 
TrFE-CFE) terpolymer stack, in which the EC 
polymer film stack oscillates between the cold 
and hot ends, driven by the electrostatic force 
(23). A cascaded polymeric EC heat pump was 
developed by stacking several cooling units 
together, which greatly enlarges the tempera- 
ture span of the heat pump (Fig. 3G) (24) and 
generates cooling of 0.78 W (1100 W/kg cool- 
ing power density) at a 2.7 K temperature rise. 
The device demonstrated the versatility and 
feasibility of EC cooling technology in wear- 
able devices for providing localized thermal 
management (Fig. 3H). A wearable cooler that 
provides an additional cooling of between 
~4 and ~5 K was shown to be sufficient for 
personal comfort (96). 

Despite the demonstrations of EC devices 
for compact and wearable cooling, their per- 
formance remains far from the requirements 
for practical EC cooling systems (23, 24, 62, 88). 
Owing to the constraints of electric break- 
down, the EC temperature change AT in all 
EC devices (including those with ceramics) is 
<3 K. This is too small to generate meaningful 
cooling given various parasitic thermal losses. 
In contrast, simulation results show an extra- 
polated device performance with a high cool- 
ing power density of 5 KW/kg at zero Typan OF a 
Tspan Of >50 K at no load for EC coolers with 
EC P(VDF-TrFE-CFE-FA) tetrapolymers (AT = 
7.5 K) (840 W/kg at zero Typan and a Typan Of 
>45 K at zero cooling power with AT = 5.5 K 
for EC ceramics) (22, 62). 


Dielectric applications 
Flexible nonvolatile memory 


For flexible electronics, PVDF-based nonvola- 
tile memories could offer high data storage 
density and low operation voltage (97-99). 
For example, ferroelectric field-effect transis- 
tors (FeFETs) (100) and ferroelectric tunnel 
junctions (FTJs) (107) both exhibit longer-lived 
nondestructive read operations (702). A three- 
terminal memristive device can be created 
by replacing the gate dielectric in an FET with 
P(VDF-TrFE) (700). Associated with other flex- 
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ible components in FETs, the polymeric gate 
dielectric enabled a prototype of flexible mem- 
ory, that is, an FeFET was demonstrated (Fig. 
4A). The ON/OFF ratios between data “1” and 
“QO” remain stable even for devices under- 
going deformation of <1 mm bending radius 
or 1000 sharp folding cycles (98). 

The successful demonstrations of mechani- 
cal flexibility in polymer FeFET inspired the 
development of smart wearable electronics. 
A rational approach to device integration of 
PVDF FeFETs into wearable electronics is to 
fabricate the devices on fibers, followed by 
the manufacturing of sewn fabrics (Fig. 4B). 
Stretching the fabric by 100% or crumpling 
the fabrics will not influence the memory 
functions (103). 

In addition to the flexibility of PVDF-based 
memory, two critical performance parameters 
await improvement: a high data storage den- 
sity and a low operation voltage. PVDF-based 
polymers are thermoplastic materials that are 
easily shaped at high temperatures. Nanoim- 
print technologies have been used to fabricate 
P(VDF-TrFE) nanoarrays with a single storage 
unit size of <100 nm, exhibiting the possibility 
of the data storage density reaching several 
gigabytes per square inch (104, 105). A more 
practicable design for high-density data stor- 
age is vertical 3D stacking of FeFETs (Fig. 4C), 
in which every single unit can work indepen- 
dently (106, 107). 

The development of multilevel data storage 
in which a single memory unit can store more 
than two types (“0” and “1”) of data was dem- 
onstrated in a PVDF-based FeFET, which also 
exhibits potential for enhancing the storage 
density (106, 108). By modulating the gate 
voltage to yield various remnant polarizations 
of the ferroelectric layers, the semiconductor 
channels can reflect distinctive resistivities, 
resulting in multilevel storage features. More- 
over, the high transparency of PVDF-based 
polymer thin films for visible light presents 
the possibility of combining optical switching 
of the electrical properties of the semiconduc- 
tor layer and electrical switching of the ferro- 
electric polarization of the dielectric layer to 
realize multifunctional memories with stable 
multilevel storage features (109). 

One major disadvantage of using PVDF- 
based polymers in memory is their high co- 
ercive field, ~50 MV/m. Therefore, a nanoscale 
thin film is required to make the operation 
voltage match the common operation volt- 
age in integrated circuits. Many studies have 
reported the existence of ferroelectricity in 
PVDF-based materials at the nanoscale (710), 
confirming the capability of PVDF-based mate- 
rials to work as memory in ultrathin films 
with a low switching voltage. Because of the 
ultrathin film of the ferroelectric layer, PVDF- 
based FTJs exhibit very low operation volt- 
ages; for example, Au/P(VDF-TrFE)/ITO FTJ 


memristor devices can execute “write” and 
“erase” operations at 0.5 and -0.4 V, respec- 
tively, along with “read” at 0.01 V (1/1). 


Energy storage film capacitors 


The high polarization together with high break- 
down strength of PVDF-based polymers broad- 
en their applications to film capacitors, given 
that their energy density can be easily higher 
than 10 J/cm?, compared to the value of 5 J/cm? 
for the state-of-art film capacitor with biaxially 
oriented polypropylene (BOPP) (172, 113). This 
is ideal for capacitor applications that require 
reduced device size, for example, implantable 
cardioverter defibrillators (ICDs) (114). Several 
major medical device companies are actively 
exploring such an option to replace the current 
tantalum electrolytic capacitors in ICDs. One 
critical step for dielectric and energy storage 
applications is to eliminate the polarization 
hysteresis in PVDF-based ferroelectric poly- 
mers and achieve a large and hysteresis-free 
polarization change. 

Cost is another critical consideration for 
film capacitors. Hence, most studies have fo- 
cused on PVDF-based copolymers with various 
defects, such as CTFE and hexafluoropropylene 
(HFP), which have yielded promising results. 
Moreover, Ren et al. reported that, even in neat 
PVDF, an ultrahigh discharged energy density 
of 50.2 J/em? at 1 GV/m can be achieved in 
continuously folded films (Fig. 4D) (775). The 
major challenge of developing practical PVDF- 
based capacitors is to achieve a delicate bal- 
ance between a high energy density and a low 
dielectric loss or low charge carrier conduc- 
tion. One viable approach is to use ML films 
of PVDF with a high breakdown strength and 
a low-loss linear dielectric polymer, such as 
polycarbonate (PC) and poly(ethylene tereph- 
thalate) (PET). By optimizing the composition, 
layer thicknesses, and interfacial layers, ML 
film capacitors (Fig. 4E) with high energy den- 
sity (~16 J/cm), low loss (~0.006), and im- 
proved thermal stability (up to 140°C) have 
been demonstrated (116, 117). Another approach 
for capacitive energy storage relies on polymer 
and inorganic nanofiller composites, which use 
high-dielectric constant ceramic fillers to en- 
hance the apparent permittivity. Per the mixing 
rules, this method usually requires a high filler 
loading (>10 vol %) to obtain a sizable increase 
in the permittivity. However, the major short- 
coming of using nanocomposites is the inevi- 
table aggregation of nanofillers, particularly 
at high filler loadings, leading to ready dielec- 
tric breakdown and mechanical brittleness 
(118, 119). Thakur et al. and Zhang et al. reported 
the discovery of dilute nanocomposites in which 
nanofillers at ultralow loadings (< 0.3 vol %) gen- 
erate large enhancements in both the dielec- 
tric constant and electric breakdown strength 
while maintaining a low dielectric loss in sev- 
eral high-temperature polymers (120, 127). An 
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Fig. 4. Advanced dielectric applications for PVDF-based polymers. 

(A) Schematic of highly bent FeFET memory with P(VDF-TrFE) as the gate 
dielectric (98). (B) Schematic of fiber organic memory (FOM) based on 
P(VDF-TrFE). The inset presents a fabric with the FOM integrated (103). 

(C) Schematic of 3D stacking of a ferroelectric layer, P(VDF-TrFE), in a FeFET 
device (106). (D) Discharged energy density for PVDF films after continuous 
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(115). (E) Atomic force microscopy image of PC/PVDF ML films, 32 layers 

with a thickness of 400 nm for each layer (116). [(A), (B), (C), (D), and (E) 
adapted with permission from (98), (103) copyright © 2019 American Chemical 
Society, (106) copyright © 2019 Elsevier, and (115) and (116) copyright 

© 2017 Elsevier, respectively. ] 


analogous phenomenon is also observed in 
P(VDF-HFP) copolymers, in which only 0.8 vol % 
surface-hydroxylated Cd,_,Zn,Se,_,S,, nanodots 
generate a >100% enhancement in the dielec- 
tric constant together with a slight enhance- 
ment in the breakdown strength (122). 


Conclusion and outlook 


The advances in PVDF-based polymer ferro- 
electrics from ferroelectric P(VDF-TrFE) in the 
1980s to P(VDF-TrFE-CFE-FA) tetrapolymers 
in the early 2020s demonstrate the promise 
and impact of molecular and nano- and meso- 
structure engineering in facile tailoring of the 
polarization processes to obtain the desired 
cross-coupling effect and generate the effect(s) 
at low electric fields. The tetrapolymer results 
for electrothermal and EM couplings and asso- 
ciated polarization responses reveal an unex- 
plored horizon of polymer ferroelectric research 
(22, 27). The polarization in polymer ferro- 
electrics originates from different sources and 
processes over different length scales from 
molecules to nano- and meso-structure mor- 
phologies and micro- and macroscale polar- 


Qian et al., Science 380, eadg0902 (2023) 12 May 2023 


ization domains, endowing the materials with 
multifunctional properties. 

For ferroelectric polymers, although dipoles 
in polymer chains are the key to polarization, 
dilute nanocomposite phenomena reveal that 
for the same polymer dipoles, a minute amount 
of nanofillers (<0.2 vol %) can induce local and 
nanoscale polymer chain morphology changes 
that lead to marked enhancements in the di- 
electric constant (and, consequently, polariza- 
tion) and electric breakdown strength (120, 121). 
In functional materials, employing minute 
amounts of dopants and defects to tailor, 
establish, and enhance the desired functional 
performance is well known and widely used. 
The advances in PVDF-based polymer ferro- 
electrics and dilute nanocomposites also dem- 
onstrated the effectiveness of minor defects 
in selectively tailoring and influencing these 
polarization processes, leading to high energy 
conversion efficiency in desired cross-coupling 
effects, such as EM coupling, the ECE, and di- 
electric properties. 

Even after many decades of research and 
development of polymer ferroelectrics, there 


are still many unknowns regarding the polar- 

ization processes in polymer dielectrics and 

polymer ferroelectrics at the molecular scale, + 
nanoscale, and mesoscale, which present great ‘ 
opportunities for future research and develop- 
ment considering the rich polymer chemistry 
in constructing polymer molecules and nano- 
and mesoscale structures and the easy fabri- 
cation. Closely coupled experiments, theories, 
and characterization studies will lead to im- 
portant insights into and uncover multiscale 
polarization processes and their cross-couplings 
to mechanical, thermal, magnetic, and optical 
effects. The hope is that these discoveries lead 
to enhanced performance, such as ultrahigh 
coupling and piezoelectric effect with no DC 
bias (Table 1), a giant ECE at much lower 
electric fields than that in Table 2, and tuning 
of the ferroelectric switching fields to any de- 
sired level. Consequently, advances in the 
material performance will translate into the 
better performance for the various highlighted 
applications, for example, wearable devices 
operated below the 50 V safe operation volt- 
age defined by the Occupational Safety and 
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Health Administration. Moreover, the poten- 
tial exists for generating emerging applica- 
tions with high performance, such as flexible 
and wearable magnetoelectric sensors for bio- 
medical applications (723) or large-area flexi- 
ble and robust multifunctional sensor arrays 
for hospital and nursing home beds. 

In contrast to the widely available inorganic 
ferroelectrics that cover a broad range of ap- 
plications, after more than five decades of re- 
search, PVDF-based ferroelectrics are still the 
lone polymer ferroelectric family that has been 
successfully used in many applications. Al- 
though ferroelectricity has been observed in 
odd-numbered nylons (in the 1980s) and many 
other polymers (8, 9), the low EM coupling and 
especially electroactive properties sensitive to 
environmental moisture prevent their practi- 
cal use. Active polymer research exploiting the 
rich polarization processes and their underly- 
ing molecular structures, nanostructures and 
mesostructures for PVDF-based polymers has 
the potential to discover and develop next- 
generation classes of polymer ferroelectrics 
that are user-friendly, can be operated at 
much higher temperatures, and generate high 
electroactive couplings that rival those of 
PVDF-based polymers and even inorganic 
ferroelectrics. 
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INTRODUCTION: Virtually all cancers begin with 
genetic alterations in healthy cells, but mounting 
evidence suggests that nongenetic events such as 
environmental signaling play a crucial role in un- 
leashing tumorigenesis. In the pancreas, epithe- 
lial cells harboring an activating mutation in the 
Kras proto-oncogene can remain phenotypically 
normal until an inflammatory event that drives 
cellular plasticity and tissue remodeling. The 
inflammation-driven molecular, cellular, and 
tissue changes that precede and direct tumor 
formation remain poorly understood. 


RATIONALE: Understanding tumorigenesis re- 
quires a high-resolution view of events spanning 
cancer progression. We leveraged genetically 
engineered mouse models (GEMMs), single- 
cell genomics (RNA sequencing and assay for 
transposase-accessible chromatin sequencing), 
and imaging technologies to measure pancreatic 
epithelial cell states across physiological, pre- 
malignant, and malignant stages. To analyze this 
rich and complex dataset, we developed compu- 
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plasticity 


Kras &2D +/- Inflammation 


Emergent communication 


Receptors 


¥ sri 


tational and functional approaches to charac- 
terize epigenetic plasticity and to infer cell-cell 
communication impacts on tissue remodeling. 


RESULTS: Our data revealed that early in tu- 
morigenesis, Kras-mutant cells are capable of 
acquiring multiple highly reproducible cell 
states that are undetectable in normal or re- 
generating pancreata. Several such states align 
with experimentally validated cells of origin of 
neoplastic lesions, some of which display a high 
degree of plasticity upon inflammatory insult. 
These diverse Kras-mutant cell populations 
are defined by distinct chromatin accessibility 
patterns and undergo inflammation-driven cell 
fate transitions that precede preneoplastic and 
premalignant lesion formation. Furthermore, a 
subset of early Kras-mutant cell states exhibit 
marked similarity to either benign or malig- 
nant fates that emerge weeks to months 
later; for instance, Kras-mutant Nestin-positive 
progenitor-like cells display accessible chroma- 
tin near genes active in malignant tumors. 


A lens into epigenetic plasticity and its consequences on tumorigenesis. A genetically engineered 
mouse model enabled a longitudinal view of cell states in early pancreatic cancer progression, revealing 
plasticity endowed through epigenetic priming. Plastic cell states express distinct sets of communication 
genes involved in tumorigenesis-specific communication, as visualized by highly multiplexed imaging. Mouse 
illustration was created with BioRender (https://biorender.com/). 
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ticity as the diversity in transcriptional -—- 

notypes that is enabled or restricted by a given 
epigenetic accessibility landscape. These plas- 
tic cell states are enriched for open chromatin 
near cell-cell communication genes encoding 
ligands and cell-surface receptors, suggesting 
an increased propensity to communicate with 
the microenvironment. Given the rapid re- 
modeling of both the epithelial and immune 
compartments during inflammation, we hy- 
pothesize that this epigenetically enabled com- 
munication is a major driver of tumorigenesis. 
We found that the premalignant epithelium dis- 
plays extraordinary modularity with respect 
to communication gene coexpression patterns, 
with distinct cell subpopulations each expressing 
a unique set of receptors and ligands that de- 
fine the nature of incoming and outgoing sig- 
nals that they can receive and send. 

Through the development of Calligraphy, an, 
algorithm that utilizes this receptor-ligand mod- 
ularity to robustly infer the cell-cell communica- 
tion underlying tissue remodeling, we showed 
that the enhanced signaling repertoire of early 
neoplastic tissue endows specific plastic epi- 
thelial populations with greater capability for 
cross-talk, including numerous communication 
routes with immune populations. As one ex- 
ample, we identified a feedback loop between 
inflammation-driven Kras-mutant epithelial and 
immune cell states involving interleukin-33 (IL-33), 
which was previously implicated in pancreatic 
tumorigenesis. Using a new GEMM that en- 
ables spatiotemporally controlled suppression of 
epithelial 1233 expression during mutant Kras- 
initiated neoplasia, we functionally demonstra- 
ted that the loop initiated by epithelial IL-33 
directs exit from a highly plastic, inflammation- 
induced epithelial state, enabling progression 
toward typical neoplasia. 


CONCLUSION: Multimodal single-cell profil- 
ing of tumorigenesis in mouse models iden- 
tified the cellular and tissue determinants 
of pancreatic cancer initiation, and a rigor- 
ous quantification of plasticity enabled the 
discovery of plasticity-associated gene pro- 
grams. We found that Kras-mutant sub- 
populations markedly increase epigenetic 
plasticity upon inflammation, reshaping their 
communication potential with immune cells 
and establishing aberrant cell-cell communi- 
cation loops that drive their progression 
toward neoplastic lesions. 
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The response to tumor-initiating inflammatory and genetic insults can vary among morphologically 
indistinguishable cells, suggesting as yet uncharacterized roles for epigenetic plasticity during early 
neoplasia. To investigate the origins and impact of such plasticity, we performed single-cell analyses on 
normal, inflamed, premalignant, and malignant tissues in autochthonous models of pancreatic cancer. 
We reproducibly identified heterogeneous cell states that are primed for diverse, late-emerging 
neoplastic fates and linked these to chromatin remodeling at cell-cell communication loci. Using an 
inference approach, we revealed signaling gene modules and tissue-level cross-talk, including a 
neoplasia-driving feedback loop between discrete epithelial and immune cell populations that was 
functionally validated in mice. Our results uncover a neoplasia-specific tissue-remodeling program that 


may be exploited for pancreatic cancer interception. 


he initial events by which tissues diverge 
from normalcy to form benign neoplasms 
and malignant tumors remain poorly 
understood. It is well established that 
this process is driven by genetic muta- 
tions (1); however, the discovery of prevalent 
cancer driver mutations in phenotypically nor- 
mal epithelia (2) challenges the classic notion 
of cancer pathogenesis and underscores the 
essential role of cellular and environmental 
context (3-5). Indeed, nonmutagenic environ- 
mental insults promote tumor initiation in mice 
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(6, 7), and chronic inflammatory conditions 
substantially increase cancer risk in humans 
(8, 9). These events can have heterogeneous 
effects even among morphologically indistin- 
guishable and genetically identical cells from 
the same tissue (10). Genetic tracing studies 
similarly reveal that all such cells are not equal- 
ly prone to undergo neoplastic and malignant 
reprogramming (17). This heterogeneity sug- 
gests that for tumorigenesis to proceed, select 
mutant cells either have or gain an enhanced 
ability to change cell states, a phenomenon 
known as cellular plasticity (12, 73). 
Developmental, regenerative, and pathologic 
plasticity is largely determined at the chro- 
matin level as increases or decreases in the 
repertoire of transcriptional programs that 
can be accessed by a given cell (13, 14). Cells 
showing a high degree of plasticity, such as 
stem cells, often have a more “open” or ac- 
cessible chromatin landscape that becomes 
restricted during differentiation (15, 16). Pre- 
vious work has used dedifferentiation with 
respect to normal cell states to characterize 
cancer cell plasticity with single-cell genomics 
in lung cancer models (17, 18). However, we 
still do not know how plasticity emerges in the 
earliest stages of tumorigenesis, particularly in 
concert with the environmental insults that 
accelerate these initiating events. Learning how 
plasticity is triggered to arise in premalignant 
tissues and how it contributes to early tumor 
evolution is paramount to understanding and 
intercepting cancer at its earliest stages. 
Pancreatic ductal adenocarcinoma (PDAC) is 
typically diagnosed too late for curative treat- 
ment and arises from cooperativity between 
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genetic and epigenetic reprogramming events 
(19). Unlike more genetically heterogeneous can- 
cers, PDAC is mainly initiated by an activating 
mutation in the proto-oncogene KRAS. How- 
ever, KRAS-mutant epithelial cells can remain 
phenotypically normal and depend on inflam- 
matory stimuli (pancreatitis) to transform into 
preneoplastic and neoplastic lesions (20-22). 
We (23) and others (24, 25) have reported that 
oncogenic KRAS cooperates with inflamma- 
tion to trigger large-scale chromatin-remodeling 
events that promote tumor initiation. How- 
ever, important questions remain: How does 
mutant KRAS-mediated plasticity give rise to 
neoplastic lineages and enable their subse- 
quent evolution to invasive disease? What are 
the critical cell-intrinsic and cell-extrinsic fac- 
tors that determine a cell’s propensity to acquire 
a plastic and ultimately a tumorigenic cell state? 
Understanding the answers to these questions 
may point to intervention strategies to prevent 
progression. 

To shed light on neoplastic plasticity in PDAC, 
we compared physiological, premalignant, and 
malignant cell-state heterogeneity using single- 
cell genomics, applying computational methods 
and functional perturbation in autochthonous 
genetically engineered mouse models (GEMMs) 
that accurately recapitulate many aspects of 
the human disease. Beyond providing a com- 
prehensive charting of epithelial dynamics 
from normal metaplasia through malignant tis- 
sue states, our approach allowed us to expose, 
quantify, and perturb early plasticity traits en- 
dowed by oncogene-environment interactions 
and define molecular, cellular, and tissue-level 
principles of premalignant tumor evolution. 


Results 
Targeted high-resolution profiling of epithelial 
dynamics during damage-induced neoplasia 


The study of epithelial dynamics in pancreatic 
cancer has been limited by the inability to cap- 
ture early and transitional cell states, which 
tend to be rare, short-lived, and difficult to 
identify. To characterize the full spectrum of 
epithelial cell states in both normal and path- 
ological tissue remodeling, we generated a 
single-cell transcriptomic [single-cell RNA se- 
quencing (scRNA-seq)] atlas of healthy, regen- 
erating, benign neoplastic, and malignant 
epithelia using GEMMs that faithfully model 
cancer from initiation to metastasis. Our GEMMs 
incorporate a Ptfla-Cre-dependent mKate2 
fluorescent reporter to enrich pancreatic epi- 
thelial cells (23, 26, 27), allowing us to compre- 
hensively profile pancreatic epithelial dynamics 
in well-defined tissue states. Specifically, we 
profiled pancreatic epithelial cells from healthy 
pancreas (N1) undergoing reversible metapla- 
sia associated with normal regeneration after 
injury (N2) and the metaplasia-neoplasia- 
adenocarcinoma sequence that initiates PDAC in 
the presence of mutant Kras (K1 to K6) (Fig. 1A, 
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fig. SLA, and table S1). In this setting, as in hu- 
man cancer (JO), Kras-mutant metaplasia is 
accelerated by an inflammatory insult (pan- 
creatitis) (preneoplasia; K1 to K2 transition), 
proceeds to benign pancreatic intraepithelial 
neoplasia, (PanIN; K3 and K4), and ultimately, 
malignant PDAC (K5) and distal metastases 
(K6; Fig. 1A and fig. S1A). 

Using a lineage-tagging reporter to enrich 
for epithelial (mKate2*) cells, we captured both 
abundant and rare constituents of normal, 
regenerating, and Kras-mutant epithelia, such 
as progenitor-like tuft cells (Pouw2f3*Dclk!"), 
epithelial-to-mesenchymal transition (EMT)-like 
cells (ZebI*), neuroendocrine cells (Syp*Chga*), 
and other previously reported cell subpopula- 
tions (28-30) (Fig. 1B; fig. S1, B to E; and table 
S2). We also characterized highly granular 
routes of acinar-to-ductal metaplasia (ADM) 
associated with regeneration and tumor initi- 
ation (23, 31) (fig. S2, A and B). Compared with 
healthy and regenerating pancreata, we un- 
covered a staggering expansion of new cell 
states that emerge during the earliest stages 
of mutant Kras-driven tumorigenesis (K1 and 
K2; Fig. 1B; and figs. S1, B to E, and 2, A to C). 
Despite such heterogeneity, the distinct cell 
states captured within premalignant tissues 
were reproducible across biological replicates 
(individual mice) (fig. S2D). In stark contrast, 
and consistent with studies analyzing human 
PDAC (32), malignant tumors isolated from 
different mice showed extensive intertumor 
variability, only sharing one small cell cluster 
(fig. S2, D and E). 

We next used diffusion maps (33) to charac- 
terize the major axes of transcriptional variation 
in our data, ordering cells along components 
associated with coherent gene expression pat- 
terns. The top component of variation closely 
matches progression from normal to regener- 
ating, early tumorigenic, and finally late-stage 
disease, and is consistent with gene signatures 
that distinguish advanced human PDAC from 
normal pancreas (34, 35). Specifically, genes 
up-regulated in human and mouse PDAC rise 
along the first diffusion component, whereas 
normal pancreas programs are down-regulated 
(Fig. 1C). Consistent with prior reports analyz- 
ing bulk RNA-seq data (23), the combined effects 
of Kras mutation and injury-driven inflam- 
mation are sufficient to induce signatures of hu- 
man PDAC in premalignancy, as early as 24 to 
48 hours postinjury (hpi) (Fig. 1, C and D). 
However, the added granularity of our single-cell 
analyses revealed that cancer-specific signa- 
tures are not induced uniformly across pre- 
malignant epithelial cell states; for example, 
some rare early Kras-mutant cells express high 
levels of EMT gene programs [Zeb] and Vim 
(30, 36)] (Fig. 1D and fig. SIE). Kras-mutant cell 
states are also observed with varying degrees 
of dedifferentiation (down-regulation of acinar 
genes) and reactivation of developmental (Cu) 
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or oncogenic (mutant Kras and Myc) programs 
(Fig. 1D). Thus, in the presence of inflamma- 
tion, Kras-mutant pancreatic epithelial cells 
rapidly undergo specific and highly reproduci- 
ble changes that endow select subpopulations 
with the capacity to activate disease-relevant 
programs long before malignant progression. 


Aberrant, highly plastic cell states emerge early 
in PDAC progression 


To map the cellular origins and processes under- 
lying this diversity in transcriptional cell states, 
we first visualized heterogeneity in all Kras- 
mutant epithelia using a force-directed layout 
(FDL), which emphasizes cell-state transitions 
along axes toward malignancy. As expected, we 
found that the Kras-mutant pancreatic epithe- 
lium undergoes progressive gene expression 
changes that activate metaplastic [Clu*Krt19* 
(22)], neoplastic [Agr2*Mucsac*Tff1" (37)], and 
ultimately, invasive cancer [Foxal* (38)] pro- 
grams (Fig. 2A). The relatively low heteroge- 
neity in apoptotic or proliferative signatures 
(fig. S3A) implies that much of the change in 
observed cellular states (K1 to K4) is likely caused 
by cell-state transitions rather than popula- 
tion dynamics. 

To better characterize sources of cell-state 
variation, we applied CellRank (39), a data- 
driven approach that infers transcriptional 
dynamics from cell-cell similarity coupled with 
RNA velocity information (27, 40, 41). RNA 
velocities derived from the proportion of spliced 
to unspliced transcripts in each cell can indi- 
cate likely future states in neighboring pheno- 
typic space. CellRank integrates directional 
information from per-cell velocity estimates 
with standard pseudotime inference based 
on cell-cell similarity to infer global transcrip- 
tional dynamics that can robustly pinpoint the 
origins of cell-state trajectories (39). Applying 
CellRank to early Kras-mutant cells acutely 
responding to an inflammatory insult (K1 and 
K2) identified multiple states that potential- 
ly act as distinct origins for the observed het- 
erogeneity (fig. S3B). 

The four inferred origin or “apex” states in- 
clude one differentiated acinar (Pifla*) and 
three dedifferentiated (Nes*, AldhIbI*, Tff2*) 
populations. Most of these states align with 
independent genetic lineage-tracing studies that 
demonstrate their “cell-of-origin” potential 
individually (26, 42-45) (fig. S3, B and C). These 
relationships are further supported by single- 
molecule fluorescence in situ hybridization 
(smFISH) data derived from inflamed Kras- 
mutant tissue (K2), which revealed clear tran- 
sitional states (Nes*Msn*Anxal0") in lesions 
containing both apex cells (Nes*Msn*) and 
the gastric-like cells (Anxa10*) predominant in 
neoplastic tissue weeks later (K3 and K4; fig. 
83, D and E). 

Moreover, several of the inferred apex states 
are highly responsive to inflammation, with ap- 
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parent cell-state shifts along the cell-cell sim- 
ilarity graph emerging in the context of tissue 
injury (K2). For instance, during pancreatitis, 
well-differentiated acinar cells generate a meta- 
plastic population with transcriptional features 
that are intermediate for acinar (Zg16 and 
Cpal) and tumorigenesis-associated (S100a6) 
programs within 24 hpi (ADM-PDAC “bridge”) 
(fig. S3F), and Nes* progenitor-like cells shift 
into a state showing reduced activation of tumor- 
suppressive programs (Cdkn2a). Our findings 
thus suggest that oncogenic Kras enables the 
emergence of diverse high-potential states not 
observed in healthy nor regenerating pan- 
creata (Fig. IB and fig. S2), each exhibiting dis- 
tinct responses to inflammatory triggers, but 
all up-regulating cancer-associated programs 
(Fig. 1D). 


An epigenetic basis for high plasticity states 


Given the important role for chromatin dy- 
namics in driving neoplasia (23), we hypothe- 
sized that the expansive phenotypic diversity 
in Kras-mutant apex states and their injury- 
driven progeny arises through a diversification 
of permissive chromatin states. To determine 
how chromatin dynamics correspond to changes 
observed in our longitudinal scRNA-seq atlas, 
we first analyzed bulk assay for transposase- 
accessible chromatin sequencing (ATAC-seq) 
data matching the above tissue stages (23, 27). 
The dominant principal components of varia- 
tion revealed accessibility patterns specific to 
each stage of progression (Fig. 2B). Compared 
with samples from normal pancreas epithe- 
lium (N1 and N2), the chromatin landscapes of 
preneoplastic Kras-mutant epithelia (K1 and 
K2) reproducibly shift toward states acquired 
in early neoplasia and sustained in advanced 
disease (K3 to K6). Nevertheless, we observed 
that the chromatin landscapes of benign neo- 
plastic lesions (K3 and K4) and malignant 
tumors (K5 and K6) are highly divergent. 
Consistent with this, large sets of regulatory 
elements (“chromatin modules”) exhibit mu- 
tually exclusive accessibility patterns across 
benign and malignant stages, with one set of 
ATAC-seq peaks showing increased accessi- — 
bility in benign lesions but not in malignant 
counterparts (the benign neoplasia chroma- 
tin module) and another set behaving in the 
opposite manner (the malignant chromatin 
module; Fig. 2C and table S3). The modular 
structure of these data suggests that chroma- 
tin accessibility at benign (K3 and K4) and 
malignant (K5 and K6) stages corresponds to 
discrete, stable cell states, which may underlie 
the clearly distinct morphologies (fig. SIA) and 
expression patterns (fig. S2D) characteristic of 
cells of these advanced stages. 

Mapping diverging benign neoplasia and 
malignant chromatin accessibility modules to 
single-cell gene expression reveals a concordant 
pattern. Genes proximal to benign neoplasia 
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epithelial cells (23). mKate2* cells were isolated from wild-type Kras mice without __ the first diffusion component (DC1), representing the major axis of progression 
injury with caerulein (N1) or 48 hpi (N2), and from Kras°!#? mice (KC genotype) from normal (N1) to metastatic (K6) states. Plot at top displays frequency (from 
without injury (K1) and 24 to 48 hours (K2) or 3 weeks after caerulein (K3, 0 to 1) of cells per stage in bins of n = 2000 cells. Gene set score for each cell is 
PanIN stage), as well as uninjured older KC mice (K4). PDAC primary tumors computed as the average of log-normalized expression, z scored for each gene 
(K5) and liver and lung metastases (K6) were harvested from KC mice with ap53 to obtain a comparable scale. Heatmap is standardized to compare cells within 
floxed (p53*) or mutant (p53””2"”*) allele (KPC genotype). Mouse illustration — each gene set. (D) tSNE plots as in (B), with premalignant (K1 to K4) Kras-mutant 
was created with BioRender (https://biorender.com/). (B) t-distributed stochastic cells colored by the expression of genes (from left to right) up-regulated in bulk 
neighbor embedding (tSNE) visualization of pancreatic epithelial scRNA-seq RNA-seq of Kras-mutant (Kras*) pancreas relative to normal (67), associated with 
profiles from all collected stages (n = 17 mice), colored as in (A) and labeled by — Myc activity (68), EMT (36), or down-regulated upon Ptfla knockout (67). Colors are 
cell state (27). ADM denotes cells undergoing acinar-to-ductal metaplasia (31) scaled from the 5th to the 95th percentile of expression. 
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Fig. 2. Differential epigenetic priming of Kras-mutant cells. (A) FDL of all Kras- 
mutant scRNA-seq profiles (K1 to K6; n = 11 mice). Cells are colored by stage as in 
Fig. 1A. Stars highlight “apex” states inferred by CellRank (39) (fig. S3B). (B) Principal 
component analysis (PCA) of bulk ATAC-seq profiles from pancreatic epithelial cells. 
Each point shows the position of a single biological replicate (individual mouse), 
colored by stage as in (A). Arrows indicate a transition upon injury and Kras mutation 
(N1 to N2 and K1 to K2; green arrow) and a divergence between benign neoplastic 
(K3 to K4; pink arrow) and malignant (K5 to K6; purple arrow) stages. (C) Left: 
Chromatin accessibility along progression. Subsets of differentially accessible ATAC- 
seq peaks (rows) are organized into three modules by clustering (27); bulk ATAC-seq 
replicates (columns) are ordered and colored by stage as in (A). Peaks organize 
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into distinct accessibility patterns, denoted as chromatin modules (27). Right: Expression 
of genes corresponding to chromatin accessibility modules in preneoplastic cells (K1 

and K2). FDL map as in (A), colored by module expression score computed by z scoring 
each cell to emphasize dominant gene programs per cell and averaging genes nearest 
to module peaks. Color (expression scores) are scaled between the 40th and the 90th 
percentiles. (D) Probability of classifying preneoplastic cells (K1 and K2) as more similar to 
benign neoplastic (K3 and K4) or malignant (K5 and K6) scRNA-seq profiles, based on 
expression similarity. Sampled cells (rows) are ordered from highest benign fate probability 
(top) to highest malignant fate probability (bottom); bars represent probability of 
classification from 0 to 1 to K3, K4, K5, or K6 labels, colored as in (A). A fraction of cells 
exhibit composite states with probability for both fates. 
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module loci are up-regulated in premalignant 
disease (K3 and K4), and genes proximal to 
malignant module loci increase in malignant 
disease (K5) (fig. S4A). Chromatin modules 
associated with advanced stages are induced 
very early in tumor development, such that 
benign neoplasia chromatin module- and malig- 
nant chromatin module-associated genes are 
expressed and restricted to transcriptionally 
distinct populations within 24 to 48 hpi (K1 
and K2; Fig. 2C and table S3). Furthermore, 
bulk ATAC-seq data show an initial increase in 
accessible chromatin in both modules from 
samples collected at 48 hpi or without injury 
(K1 and K2), well before the emergence of 
benign lesions or malignant disease (K3 to 
K6; Fig. 2C). These observations imply that 
the transcriptional diversity of preneoplastic 
Kras-mutant cells is established at the chro- 
matin level and involves benign neoplasia or 
malignant module activation before the devel- 
opment of PanINs or PDAC. This activation 
requires both oncogenic Kras and inflamma- 
tion, because these programs are not similarly 
accessible or expressed in normal regenera- 
tion (N1 and N2) (Fig. 2C and fig. S4A). 

The early establishment of a permissive chro- 
matin landscape (K1 and K2) that is later 
specified into a restricted, distinct set of ac- 
cessible regulatory elements (K3 to K6) is rem- 
iniscent of cell-fate determination occurring in 
developmental systems (16). We thus refer to 
the cell states that preneoplastic Kras-mutant 
cells may eventually acquire as “cell fates” asso- 
ciated with benign neoplasia (K3 and K4) or 
malignancy (K5 and K6). We postulated that 
preneoplastic Kras-mutant cells (K1 and K2) 
expressing programs associated with the chro- 
matin landscape of a single distinct fate (be- 
nign or malignant) may be epigenetically primed 
toward that fate, conferring greater propensity 
to acquire its phenotype over time or in response 
to certain exogenous triggers. We further rea- 
soned that similarities between the transcrip- 
tomes of Kras-mutant cells from preneoplastic 
(K1 and K2) and later neoplastic stages (K3 
to K6) would indicate such fate potential. We 
therefore developed a classification-based ap- 
proach that first identifies gene expression pat- 
terns that accurately discriminate between cell 
populations in benign lesions or cancer, and then 
uses these patterns to assign cell-fate probabil- 
ities to preneoplastic cells on the basis of the 
activation of fate-associated genes. Specifically, 
we trained a logistic-regression classifier to dis- 
tinguish between benign neoplasia (K3 and K4) 
and malignancy (K5 and K6), and used it to 
classify preneoplastic (K1 and K2) cells (27). This 
classifier was highly accurate (99%) in assigning 
fate to PanIN and PDAC cells of known fate and 
identified a set of discriminative genes that have 
been linked to either fate (fig. S4B). 

Applied to preneoplastic cells, this approach 
indeed pinpointed Kras-mutant cells that are 
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strongly skewed toward one or the other fate 
(Fig. 2D and fig. S4C). Most preneoplastic cells 
are classified as only having the potential to 
acquire a single fate, with cells responding to 
inflammation (K2) assigned a higher proba- 
bility of acquiring a malignant fate. We also 
identified an interesting set of Kras-mutant 
cells that are not well classified (Fig. 2D and 
fig. S4D), most of which express a composite 
program of otherwise divergent fate-associated 
genes (fig. S4E). These dual-primed subpopu- 
lations exist largely in the absence of tissue 
damage and overlap with initiating apex states 
(Ptfla* acinar and Nes* progenitor) captured 
independently by CellRank (fig. $3, B and C). 

Collectively, our results imply that tumor- 
igenesis can proceed from multiple well- 
differentiated or progenitor-like states, and 
that their neoplastic progression is not dic- 
tated solely by cell-intrinsic determinants (Kras 
gene mutation), but rather is affected by inflam- 
matory signals that epigenetically prime them 
toward diverse fates that can be predicted early 
in disease progression. 


Epigenetic plasticity is enhanced by inflammation 


To map the epigenomic landscape at higher 
resolution, we generated single-cell chromatin 
accessibility (scATAC-seq) profiles of preneo- 
plastic (K1), preneoplastic inflamed (K2), be- 
nign neoplastic (K3), and adenocarcinoma 
(K5) epithelia. Consistent with an epigenetic 
basis for the observed premalignant diversity 
(Fig. 2C), we found considerable heterogeneity 
in chromatin accessibility within Kras-mutant 
epithelial cells at each stage (Fig. 3A and fig. 
S5A). A major axis of variation in accessibility 
reproduced the divergence between benign 
and malignant fates seen in bulk analyses (Fig. 
3B and fig. S5B). Substantial variation in ac- 
cessibility near fate-associated genes occurred 
across both stages and clusters (fig. S5C), with 
Kras-mutant apex cells exhibiting a composite 
state defined by open chromatin at benign- 
associated and malignant-associated loci. This 
pattern extends to variation in open chromatin 
near other genes that define the benign and 
malignant chromatin modules (fig. S5D). These 
data support bona fide epigenetic priming of 
divergent fate-associated programs in early, 
preneoplastic Kras-mutant cells. 

To better connect primed chromatin land- 
scapes to their transcriptional outputs, we next 
sought to integrate scATAC-seq and scRNA-seq 
profiles from comparable stages. Clustering 
and cell-state annotation demonstrated that 
cell states derived from scRNA-seq data large- 
ly match those derived from scATAC-seq data 
at the broad cluster level, including those cor- 
responding to Nr5a2" acinar cells, NeurodI* 
neuroendocrine cells, Pow2/3* tuft cells, and 
Nes* progenitor cells (fig. S5A). However, we 
also found substantial epigenomic heteroge- 
neity within each scATAC-seq cluster. To ex- 
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plore this heterogeneity in more detail, we 
applied an algorithm that aggregates highly 
similar cells into granular cell states, or meta- 
cells (27, 46, 47). Metacells provide much higher 
resolution than clusters, but aggregate cells suf- 
ficiently to reduce sparsity and improve statis- 
tical power for comparison. 

After separately identifying metacells for 
each scRNA-seq and scATAC-seq modality, we 
developed a framework to map between them 
that is based on similarity between a gene’s 
expression and its proximal chromatin acces- 
sibility (fig. S6, A to C) (27). This integrative 
analysis showed the expected correspondence 
between the accessibility and expression pro- 
grams of comparable cell states (Fig. 3C). How- 
ever, we also observed extensive off-diagonal 
correspondence, indicating that features of 
the chromatin landscape are shared across 
diverse gene expression states. Specifically, 
we found diverse premalignant transcrip- 
tional states (tuft, neuroendocrine, progeni- 
tor, and gastric) to broadly correlate with the 
ADM epigenomic state, reflecting the known 
acinar history of these Ptffa lineage-sorted 
cells (23, 26). In other cases, these correspon- 
dences may indicate widespread transcrip- 
tional “poising” of regulatory elements near 
unexpressed genes. Such effects were partic- 
ularly evident in apex Nes* progenitor cells, 
which exist in preneoplastic tissues at 48 hpi, 
but establish chromatin landscapes that are 
highly correlated with those of late-stage malig- 
nant populations (Fig. 3C and fig. S5B). Although 
these similarities can be partially explained 
by lineage relationships within each data mo- 
dality, the greater off-diagonal (inter-cell-state) 
correlation existing across modalities (fig. S6D) 
suggests that subpopulations of preneoplastic 
Kras-mutant cells are epigenetically primed 
to engage neoplasia transcriptional programs 
later in progression (Fig. 2C). 

We sought to quantify the degree of epige- 
netic plasticity, which we define as the amount 
of diversity in transcriptional phenotypes that 
is enabled (or restricted) by a given chromatin 
accessibility landscape. To first determine these 
potential transcriptional phenotypes, we used 
a simple classifier to identify gene expression 
patterns that discriminate cell states. Assum- 
ing that proximal open chromatin conveys the 
potential for a gene’s activation, we then ap- 
plied the classifier to predict cell states based 
on accessibility proximal to genes rather than 
gene expression (Fig. 3D). We reasoned that 
for a given epigenomic state, uncertainty in 
such predictions serves as a measure of epi- 
genetic plasticity. Following this logic, high 
plasticity is characterized by many accessible 
loci that define multiple discrete transcrip- 
tional states and thus produce high classifier 
prediction uncertainty. By contrast, low plasticity 
is defined by restricted potential diversity and 
prediction certainty. Applying this approach 


5 of 14 


RESEARCH | RESEARCH ARTICLE 


A Cc R Bridge 19/Bridge 15 
a scATAC-seq (Kras-mutant cells) Ly par mers Transcriptomic Metacells 
r (2) 
Neuro- Stage in Progression ADM 49 
endocrine ADM K 3 
(NE) -like BS ei ltl Mei oo NE-like +3 
,* A A g& A Tuft-like + 
ae %, @, YH, G ° 
Pca, * li 8y, Sy, “A 2 
Gastric-like _ gilli, , TUftlike Vo, co % yee m E 
% Mle Bo, “0, a. | o 
% “% M% To — Gastric-like — & 
Wy Wy. rot 
Ce, © uu 
4 
Nes+ tet id 
Progenitor-like ay i ae Progenitor__~| 
i) -like 
PDAC 1 PDAC 1— 
PDAC 2—— 
B LSl2 ——__________________» Gene Chromatin Plasticity 
Expression Accessibility Quantification 
oe 
e h_|-@ +-@ 
Os eee r 
i eel 
1 | ] an | 
DN OL a +O 
Pre-neoplasia Malignant 
~ [il >) i eobeder oO ) 
E {Transcriptomic States ¢ 
D i 2 ae F Plastic State 
© | % State RN < swe ne 3 2 sy e Plasticity 
s m por OPE OP Eg vo of Score G Cutan 
cn EG 7138 MONE 17 SC ytokine - cytokine 
e ~0. receptor interaction ‘ 
fe) (3) 
5 8 
a) Soe = NES: 2.155 
= = ‘ike 6 Pval: 0.000 
ae | S FDR: 0.000 
IC-Il = 
o CTT TT I TO TT, TT 1} 
Tutt-like 
Progenitor 
sit Ee 0 Gene Rank by Plasticity 44000 
H Plasticity Score I zs ' 
oO 
Stage: 0 05 1 15 2 . 3 
1 Pre-Neoplasia re . 
Oo 
. Yc 
K2 Pre-Neoplasia re 5 
48 hpi = 


Fig. 3. Kras-mutant cells display elevated epigenetic plasticity, which is 
associated with cell-cell communication propensity. (A) FDL of scATAC-seq 
profiles from Kras-mutant epithelial cells from premalignant (K1 to K3) and malignant 
(K5) stages (n = 9 mice) colored by stage. (B) Frequency of cells from each stage 
along second high-variance component from latent semantic indexing (LSI) of 
scATAC-seq profiles (65). (€) Pairwise Pearson correlation coefficients of metacells 
from scATAC-seq ArchR gene accessibility scores (rows) and scRNA-seq expression 
values (columns). Annotated cell states, determined by refined PhenoGraph clustering 
of scRNA-seq (fig. SIC) and scATAC-seq (fig. SSA), are colored according to their 
annotation. Blocks of positive correlation along diagonal represent similar cell states 
across the two modalities, and off-diagonal correlations indicate similarity across 
distinct cell states. (D) Cartoon of classifier-based approach to quantify plasticity 
(27). (E) Classifier confusion matrix based on procedure in (D). Cell states, determined 
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by scRNA-seq (fig. SLC) and scATAC-seq (fig. SSA) metacell clusters, are colored as 
in labels in (C). Values represent number of metacells from an epigenomic cluster 
that classify to a transcriptomic cluster, normalized within each row. Dashed box 
highlights high plasticity epigenomic states. (F) Plasticity scores for epigenomic 
clusters in (E). Boxes represent interquartile range (IQR) of plasticity scores for all 
epigenomic metacells assigned to that cluster, computed as per-cell Shannon entropy 
in the classifier's predicted probability distribution across transcriptomic states. 
Lines represent medians and whiskers represent 1.5 x IQR. (G) GSEA plot based on 
Spearman rank correlation between plasticity score and each gene's accessibility 
score. (H) Plasticity scores for epigenomic metacells from K1 and K2, showing 
significant increase in plasticity in K2 (P = 0.006, one-tailed t test, t = 2.5511). (I) IHC 
of CD45 (brown) marking immune cells in K1 and K2 tissue, showing increase in 
immune infiltrate in response to injury. Scale bar, 200 um. 
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to epigenomic metacells identified popula- 
tions of varying plasticity (Fig. 3, E and F, 
and fig. S6E), with the most plastic states ex- 
hibiting substantial overlap with the apex cells 
identified by CellRank (such as Nes* progenitor- 
like and 7/2" gastric-like cells) and experi- 
mentally validated cells-of-origin from lineage 
tracing studies [such as Pow2f3* tuft cells 
(28, 42-44)] (Fig. 3F). Some of these states 
arise largely from preneoplastic conditions (K1 
and K2), aligning with observations on prim- 
ing toward future neoplastic states. All plastic 
states identified in this analysis have no clear 
analog in normal or regenerating pancreata 
(Fig. 1B and fig. $2, A and B), although a 
deeper exploration of physiological plasticity 
would be required to fully contrast normal 
and disease mechanisms. 

To expose potential unifying features of dis- 
tinct plastic cell states, we used gene set en- 
richment analysis (GSEA) (48) to identify gene 
signatures within populations displaying high 
plasticity scores (table S4). This analysis re- 
vealed a robust and consistent up-regulation of 
sets related to cell-cell communication (fig. S6F), 
with the cytokine-cytokine receptor interaction 
gene set yielding the top association (normalized 
enrichment score = 2.155, adjusted P value = 
0.000) (Fig. 3G). A substantial fraction of these 
plasticity-associated genes encoded inflamma- 
tory mediators, receptors, or ligands involved 
in cell-cell communication, including those pre- 
viously associated with malignant progression 
[Csf2, Cxcll, and Cxcr2 (49)] (table S5). Accord- 
ingly, plasticity increases significantly (P = 0.006; 
one-tailed ¢ test, t = 2.5511) upon injury in the 
context of Kras mutation (K2 versus K1) (Fig. 
3H), suggesting an interplay between highly 
plastic cells and immune infiltrates flooding 
the preneoplastic tissue environment in this 
context (Fig. 31). Together, our results indicate 
that epithelial plasticity in premalignant cells 
is directly associated with an increased, epige- 
netically encoded propensity for ligand-receptor- 
mediated communication with the immune 
microenvironment. 


Calligraphy charts cell-state—specific communication 
repertoires and their interactions 


The dominance of the association between 
plasticity and cell-cell communication drove 
us to investigate how heterotypic interactions 
may result from plasticity or enhance it in the 
Kras-mutant pancreatic epithelium. We hy- 
pothesized that chromatin remodeling of re- 
ceptor and ligand gene loci (hereafter referred 
to as “communication genes”) contributes to plas- 
ticity in preneoplasia by enabling cells to re- 
spond to inductive signals from the environment. 

The delineation of communication events 
requires an assessment of the communication 
propensities of each cell state (defined by its 
expressed receptors and ligands), which may 
then be used to link interacting cell states on 
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the basis of prior knowledge of receptor-ligand 
(R-L)-binding partners. As a first step, we char- 
acterized communication gene accessibility 
and expression across cell states of the pre- 
malignant epithelium using the scATAC-seq 
and scRNA-seq datasets generated above. Each 
plastic cell state reveals substantial variability 
in chromatin accessibility near communication 
genes, consistent with distinct molecular reper- 
toires for potential communication (fig. S7A). 
To identify trends of coordinated gene expres- 
sion, we searched for coexpression between any 
two communication genes (testing all combi- 
nations of two receptors, two ligands, and one 
of each) in individual cells across the premalig- 
nant epithelium, and found a high degree of 
block structure in pairwise coexpression. This 
pattern implies that communication capabil- 
ities are driven by “communication modules”: 
sets of communication genes that are mutu- 
ally expressed in the same cell populations 
(Fig. 4A). 

We next sought to infer actual cell-cell sig- 
naling interactions that may occur between 
cells expressing different communication mod- 
ules. Although several methods have been 
developed to predict cellular interactions from 
single-cell data (50), their inference relies on 
weak signals arising from the noisy expres- 
sion of a single cognate R-L pair across fixed 
cell states. We therefore developed our own 
approach, Calligraphy, which leverages the ob- 
served modularity in communication gene ex- 
pression to infer potential cell-cell signaling 
events (27). Calligraphy first identifies com- 
munication modules, thereby establishing the 
incoming and outgoing communication that 
each cell state can participate in. Next, Callig- 
raphy identifies communication events between 
cell states on the basis of prior knowledge of 
cognate R-L-binding partners. Unlike previous 
methods, which test interactions on individual 
R-L pairs, Calligraphy draws inferences across 
entire sets of genes, making the output insen- 
sitive to noise in any single gene (50). 

Using Calligraphy (27), we obtained seven 
communication modules of genes that are co- 
expressed across the premalignant pancreatic 
epithelium (Fig. 4A and table S6) and are 
reproducible in situ in smFISH data (fig. S7B). 
Mapping the average expression of communi- 
cation genes back onto the premalignant epi- 
thelium revealed that most cells express a 
single dominant module, making it possible 
to annotate cells by their corresponding mod- 
ule (Fig. 4B). Cell states defined solely by com- 
munication gene expression coincide with those 
identified by clustering the entire transcriptome 
(fig. S7, C to E). We observed similar patterns 
in scATAC-seq data, where each subpopula- 
tion maintains open chromatin around genes 
from distinct communication modules, sup- 
porting an epigenetic basis for the emergence 
of these programs (fig. S7F). 
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Normal and regenerating epithelial cells (N1 
and N2) showed much less diversity in com- 
munication module expression compared with 
their Kras-mutant counterparts, with most 
cells maintaining very low module expression 
(Fig. 4C). Among cells with wild-type Kras, a 
small injury-induced population does express 
communication modules associated with the 
gastric (E6) cell state, likely reflecting the ex- 
pected trans-/dedifferentiation of acinar cells 
under inflammatory conditions (57). These 
cells also expressed high levels of transcripts 
derived from a mutant Kras gene signature (23), 
implying that high-level RAS signaling may 
play a role in normal regeneration and that 
KRAS mutation might stabilize such transient, 
injury-induced communication modules. 

Moreover, communication modules estab- 
lished in the premalignant pancreas are main- 
tained in advanced cancers (K5 and K6), with 
most cells expressing at least one of the gastric. 
(E6), progenitor (E7), or bridge (E3) modules 
(Fig. 4D). These modules (as well as their cor- 
responding cell states) are observed in an 
analogous mouse model of preneoplasia with 
activation of mutant Kras in adult acinar cells 
(52) (fig. S8). Furthermore, these communica- 
tion modules are conserved in human PDAC 
derived from multiple patients (32) (Fig. 4E). 
The distinct behavior of communication mod- 
ules in early neoplasia across multiple model 
systems and their persistence in advanced 
murine and human PDAC implies a functional 
role in pancreatic tumorigenesis. 


Extensive epithelial-immune interactions drive 
oncogenic tissue remodeling 


The distinct communication modules that 
arise in Kras-mutant epithelial cells during 
inflammation compared with normal regen- 
eration implicate one or more signaling nodes 
in early PDAC development (20-22). Tissue 
damage produces inflammation and changes 
in immune cell state and composition that con- 
tribute to neoplasia (53); thus, we investigated 
how mutant Kras-driven epithelial communi- 
cation modules interact with infiltrating and 
tissue-resident immune cells. seRNA-seq analy- 
sis of immune cells (CD45* sorted) from Kras- 
mutant tissues before (K1) and after (K2 and 
K3) induction of pancreatitis identified all of 
the expected immune subtypes, including both 
abundant (macrophage) and rare [regulatory 
T (Tyeg) cells and innate lymphoid cell (ILC)] 
types (fig. S9) (27). As expected, injury-induced 
inflammation causes substantial remodeling 
of the immune cell landscape, including the 
enrichment or depletion of specific lymphoid 
and myeloid cell states (fig. SIOA). 

Applying Calligraphy to these data identi- 
fied consistent and structured communication 
modules defining distinct immune populations. 
To achieve even greater resolution, we ran Cal- 
ligraphy separately on T cells/ILCs/natural killer 
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Fig. 4. Inferred epithelial-immune cross-talk in plastic neoplastic states. 
(A) Calligraphy-inferred “communication modules” in premalignant Kras-mutant 
epithelial cells (KI to K3, n = 6 mice). Each row or column represents one receptor or 
ligand; value at intersection indicates correlation in expression (Pearson’s r) of that 
gene pair across premalignant cells. Blocks of highly correlated genes denote partially 
overlapping modules (annotated at right) that tend to coexpress in the same cell 
states. Schematic (far right) describes the second step of Calligraphy (fig. SI1A). 
(B) FDL of K1 to K3 epithelial cells with color values based on relative communication 
module gene expression (27). (C) FDL of Kras™” pancreas cells before and after injury 
(N1 and N2, n = 4 mice), colored by K1 to K3 communication module expression as 

in (B) (top) or Kras mutant signature gene expression [bottom, (23)], scaled between 
the Ist and the 99th percentile. (D) FDL of malignant cells (K5 and K6, n = 3 mice), 
colored as in (B). (E) Communication module expression in human pancreatic tumor 
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(NK) cells, myeloid cells, and B cells, and found 
numerous modules containing known regula- 
tors, as well as candidates for pancreatic tu- 
morigenesis (fig. S10, B and C). For example, 
T cell/ILC/NK cell module 8 is highly ex- 
pressed in ILC2, ILC3/LTi, and T,.¢ cells; these 
cells express the receptor and co-receptor 
Tlirli/Trap for interleukin-33 (IL-33), a ligand 
that accelerates the formation of mucinous 
PanIN lesions (23). 

Reasoning that such rapid immune and epi- 
thelial remodeling could arise through het- 
erotypic cross-talk in pancreata undergoing 
neoplastic transformation, we used a feature 
in Calligraphy to nominate potential cell-cell in- 
teractions that drive this process (fig. SI1A) (27). 
To limit our search to tumorigenesis-specific 
cross-talk after tissue inflammation, we fil- 
tered Calligraphy modules to retain those cog- 
nate R-L pairs in which at least one partner is 
selectively up-regulated in Kras-mutant (K2) 
relative to Kras-wild type (N2) epithelial cells 
(23). This filtering reduced the space of pos- 
sible interacting molecules from 340 total com- 
munication genes down to 55 receptors and 
46 ligands potentially involved in tumorigenesis- 
associated communication. We then assumed 
that two cell states potentially interact if their 
associated modules are enriched in the num- 
ber of shared cognate R-L pairs spanning them 
(27). Whereas CellphoneDB (50) predicts a high- 
ly dense network of 720 out of 729 (98.8%) 
possible interactions, involving nearly all pair- 
wise combinations of cell states, Calligraphy 
identified a sparser, more interpretable net- 
work of potential neoplasia-specific interac- 
tions between the Kras-mutant epithelium 
and the immune environment (5.6% of possi- 
ble interactions; fig. S11, B and C, and table $7). 

Within Calligraphy’s context-specific net- 
work were apparent “master communication 
hubs” that participate in numerous interac- 
tions. We calculated a receiving score (i.e., the 
ability to sense the environment through ex- 
pressed receptors) and a transmission score 
(i.e., the ability to remodel the environment 
through expressed ligands) based on the num- 
ber of Calligraphy’s statistically significant 
incoming and outgoing edges for each module 
(P < 0.1) (27). The two most prominent hubs 
for transmitting and receiving interactions are 
the epithelial gastric (E6) and progenitor (E7) 
modules, respectively (Fig. 4F), which corre- 
spond to the “high-plasticity” populations iden- 
tified above. These same communication hubs 
are enriched in advanced mouse and human 
PDAC (Fig. 4, D and E). 

To validate predicted communication net- 
works, we mapped interacting modules to their 
spatial context, leveraging smFISH data includ- 
ing probes for transcripts marking distinct 
cell states and their corresponding communi- 
cation genes. We identified cells with concor- 
dant communication gene expression patterns 
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across space for module E6-expressing gastric 
cells (Anxal0*IlI8*SppI*) and module E7- 
expressing progenitor cells (Nes*Il18rl*Cd44") 
(Fig. 4G and fig. S7B) in preneoplastic cells 
subject to inflammation (K2). Calculating dis- 
tances between receiving (progenitor-like) cells 
and their closest sending (gastric-like) cells 
against a random control set of gastric-like 
cells that do not express these ligands showed 
a significant enrichment (P < 0.01, ¢ test) of 
receiving cells in the vicinity of their interact- 
ing sending cells (Fig. 4H). 


Neoplastic tissue remodeling involves feedback 
communication loops 


One of our most notable observations is the 
marked remodeling of epithelial and immune 
compartments within 24 to 48 hpi (figs. S2D 
and S10A). This remodeling is highly reprodu- 
cible and expansive, involving numerous new 
cell states that are quickly adopted by most 
cells. The dynamics of such a rapid and robust 
response suggest a feedback loop by which 
immune cell intermediates may amplify tumor- 
promoting epithelial cues (54). We probed 
the Calligraphy module-module interaction 
network to systematically enumerate cycles 
involving any epithelial or immune subsets 
and identified only one feedback loop in the 
system (Fig. 5A) (27). The loop includes the 
epithelial gastric (E6) hub module, which is 
maintained in late disease, and further involves 
cytokines and receptors with reported roles in 
KRAS-driven pancreatic tumorigenesis, includ- 
ing IL-1A, IL-33, and IL-4RA (55, 56). Specifi- 
cally, it engages T;.. and ILC2 cells through IL-33 
signaling before feeding back to Kras-mutant 
epithelial cells (Fig. 5B). 

1133 is expressed during pancreatitis by a 
small subset (4%) of TFF1/ANXA10*Kras- 
mutant gastric module-expressing epithelial 
cells and is predicted to initiate signaling to 
Tregs and ILC2s (module T8) by binding with its 
cognate receptor /lI7rl1 and coreceptor JlIrap 
(Fig. 5B and fig. S12, A to D). Supporting the 
relevance of these interactions, immunofluores- 
cence (IF) data reveal that IL-33-expressing 
epithelial cells (IL-33* mKate2*) and rare Tyegs 
(Foxp3") are in close spatial proximity in Kras- 
mutant pancreata under injury conditions (dis- 
tance versus randomly permuted positions, P < 
0.01, ¢ test, for all IF images collected across five 
independent mice) (Fig. 5, C and D, and fig. 
§12E). Subsequently, many receiving cells that 
express /lirl1 (module T8) also express the 
T helper cell 2 (T,,2) cytokine gene J/4 (odds 
ratio = 21.47, P = 9.88 x 10°*°, Fisher’s exact 
test), consistent with the known role of IL-33 
in triggering T,,2-type immune responses (57). 
Module TS cells then apparently signal through 
IL-4 (1/4) back to the gastric module (E6) 
through the IL-4 receptor U4ra), thereby 
closing the loop and potentially propagating 
signals to other module-expressing cells from 
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both immune and epithelial compartments 
(Fig. 5B). 

The broad expression of IL-4RA across Kras- 
mutant epithelial cell states, including gastric- 
like cell, tuft cell, and Nes* progenitor-like 
cell populations (Fig. 5B and fig. S12, A and C), 
implies that this signaling loop has a system- 
wide impact on premalignant tissue (45% of 
premalignant epithelial cells appear affected). 
By contrast, few wild-type normal pancreas cells 
express both sending (/733) and receiving (//4ra) 
factors and do so at low levels, even during 
injury-induced regeneration (fig. S12, F and G). 

A particular strength of Calligraphy is its 
ability to construct communication circuits 
linking a cascade of signaling events between 
multiple communication modules in a serial 
fashion, thus mapping cell populations that are 
potentially both directly and indirectly affected 
by epithelial-derived IL-33. Calligraphy predicts 
that IL-33-driven communication has a large 
impact on premalignant tissue, and the pro- 
portion of affected tissue increases through 
signaling cascades between communication 
modules that each use multiple cognate R-L 
pairs, ultimately reaching most of the pre- 
malignant pancreas (72% of cells; Fig. 5, E and 
F). Although it is unlikely that the IL-33 loop is 
solely responsible for KRAS-driven tumor pro- 
gression in the context of the high complex- 
ity of observed intercellular communication 
in the premalignant tissue, the number of 
populations that appear directly and indirect- 
ly affected by epithelial IL-33 expression sug- 
gests that this communication circuit plays an 
important role in driving tumorigenesis. 


KRAS-dependent IL-33 feedback loop directs 
rapid tissue remodeling in early tumorigenesis 


Whereas previous studies have implicated 
stroma-derived IL-33 in disease phenotypes 
(58, 59), Calligraphy identified a feedback 
loop driven by IL-33 expressed from Kras-mutant 
epithelial cells. To determine how IL-33 de- 
rived specifically from the epithelium contrib- 
utes to early neoplasia, we developed a GEMM 
that enables specific 1733 suppression in 
lineage-traced Kras-mutant epithelial cells. Ani- 
mals were produced from multiallelic embryonic 
stem cells engineered to harbor a conditional 
Kras@° allele together with a doxycycline 
(dox)-inducible, green fluorescent protein 
(GFP)-coupled short hairpin RNA (shRNA) 
capable of suppressing 1133 (KC-sh/133), allow- 
ing potent 1/33 suppression in the epithelial 
compartment after dox administration (Fig. 6, 
A and B). In addition, a separate cohort of 
animals was produced harboring a neutral 
shRNA (shRen) as controls. scRNA-seq and 
spatial imaging [imaging mass cytometry (IMC)] 
were performed on each model assessing 
epithelial and immune compartments at an 
early time point (48 hpi), when inflammation 
unleashes neoplastic remodeling (K2), and later 
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Fig. 5. Kras-mutant epithelial states participate in a feedback loop with 
immune populations. (A) A feedback loop identified by Calligraphy in the pre- 
malignant pancreas. Arrows depict cognate R-L interactions. (B) tSNEs of immune 
and epithelial scCRNA-seq data from premalignant stages (K1 to K3, n = 6 mice), 
displaying imputed expression (69) of key genes from the loop in (A). Arrows 
between plots indicate sequential steps of the loop. (C) Co-IF images showing 
coexpression of IL-33 and E-cadherin (an epithelial marker) and apposition of 
FOXP3-expressing Tregs (arrows) and IL-33-expressing epithelial cells. Scale bar, 

O um. (D) Distance in pixels (0.325 um per pixel) of IL-33* epithelial cells to 
Tregs against a null model of spatial distribution in co-IF data pooled across all 
biological replicates from K2 tissue. Distances are calculated between each IL-33* 
epithelial (E-cadherin*) cell and its closest Tyeg (CD3* FOXP3"). Asterisks, significant 


[3 weeks postinjury (wpi)], when PanIN lesions 
normally emerge (K3). As expected, IL-33 ex- 
pression remains intact in nonepithelial pan- 
creatic cells (133* Vim* or 1133* aSMA’*) (fig. 
$13, A to D) in sh//33 animals on dox, and is 
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specifically abrogated in Kras mutant cells ex- 
pressing the gastric markers TFF1 and ANXA10 
(Fig. 6B and fig. S13, A and B). 

Analysis of coembedded scRNA-seq data de- 
rived from control or KC-sh//33 on-dox mice 


————————— 
Step in Crosstalk 


difference (P < 0.0001, one-tailed, unpaired t test) compared with random distances 
calculated by permuting epithelial cells. (E) IL-33-centric cross-talk paths originating 
from epithelial gastric module E6 (central circle, magenta), with each outward 
concentric circle illustrating possible communication paths from inner to outer 
modules based on links inferred by Calligraphy. Arc length is proportional to 
the number of inner-module ligands that can bind to cognate receptors in the outer 
module. (F) tSNE as in (B), colored according to the step in which communication 
events from the IL-33-centric path in (E) reach the module expressed by that 

cell. Cells are assigned to their most highly expressed module, and each module is 
scored by the earliest step in which it appears along any paths through the 
Calligraphy network emanating from E6-derived IL-33. Cells expressing modules that 
are not downstream of IL-33 are colored in gray. 


show that IL-33 perturbation profoundly shifted 
the observed cell states within both epithelial 
and immune compartments. We applied the 
Milo algorithm (60), which characterizes such 
local shifts (as opposed to loss or gain of entire 
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Fig. 6. Spatiotemporal in vivo 
perturbation of //33 impairs neo- 
plastic progression. (A) Mouse 
models for inducible repression of 
1133 (KC-shII33, two independent 
strains) or Renilla control (KC-shRen), 
restricted to Kras-mutant epithelial 
cells by Ptfla-Cre expression. 

(B) Representative IF of pancreata 
from control (top) or KC-shi/33 
(bottom) mice placed on dox at 

5 weeks of age and analyzed 9 days 
later at the 48 hpi time point (K2). 
Kras-mutant epithelial cells, not 
surrounding stroma, express the 1/33 
shRNA marked by GFP in KC-shi/33; 
TFF1 marks the cell state in which 
IL-33 is activated at 48 hpi in control 
but not sh//33 animals. Dashed 
lines demark the epithelium-stroma 
boundary; asterisks highlight 
suppression of 1/33 in TFF1* 
metaplastic cells of KC-sh//33 mice. 
DAPI marks nuclei (blue). Scale 
bar, 20 um. (€) Milo (60) log-fold 
change (logFC) magnitudes across 
cell neighborhoods (n = 5 mice), 
with higher values indicating a 
greater impact of IL-33 perturba- 
tion. Rightward distribution shifts 
(dotted lines) indicate a larger 
impact on particular cell states; 
vertical dashed lines indicate 
neighborhoods with significant 
(adjusted P < 0.1) shifts according 
to Milo, appearing only in K3 
epithelia. (D) FDL of Milo neighbor- 
hoods colored by logFC of abun- 
dance in sh//33 samples relative to 
controls at the late (3 wpi) time 
point. (E and F) Representative IF in 
pancreata from KC-shi/33 mice 
placed on-dox (bottom) or off-dox 
(top) at 3 wpi (K3), showing aber- 
ant accumulation of progenitor-like 
state (MSN"*) in epithelial cells 
(E-cadherin*) of |L-33-perturbed 
animals at 48 hpi (E) and depletion 
of gastric-like (AGR2") states upon 
epithelial IL-33 suppression (F). 
DAPI marks nuclei (blue). Scale bar, 
00 um. (G) Impact of 1/33 pertur- 
bation across Kras-mutant epithelial 
neighborhoods at K3 (3 wpi). Top, 
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clusters) by grouping similar cells into “neigh- | 1233 suppression in the Kras-mutant epithelium 
borhoods” and identifying those that are | results in rapid remodeling of the immune 
differentially abundant between perturbed | landscape, with multiple immune subpopula- 
and control conditions. Consistent with an | tions shifting in abundance by 48 hpi (Fig. 6C). 
epithelial-to-immune cross-talk, we found that | Epithelial remodeling is delayed by compari- 
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pseudotime-ordered neighborhoods (columns) colored by cell state. Middle, neighborhoods plotted and colored by Milo logFC; higher logFC denotes greater abundance in 
sh/l33 relative to control. Bottom, Nes- and plasticity-associated gene expression (Fig. 3F) (27); heatmap colors are scaled to +2 SD from mean. (H) Milo logFC of 
neighborhoods mapped to modules that are (left) or are not (right) downstream of Calligraphy’s IL-33-centric network: asterisks indicate significance (P = 1.24 x 10°, 


son; a lack of substantial changes at the early 
time point is followed by substantial remodel- 
ing of many epithelial cell states at 3 wpi (K3). 
By this time, the perturbation of IL-33-mediated 
cross-talk generates evidence of neoplastic 
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epithelial remodeling, with a shift to more 
cells in progenitor-like and fewer in gastric- 
like states (Fig. 6D and fig. S13, E and F), 
which was also seen in the IF data (Fig. 6, E 
and F). 

To gain insights into the impact of IL-33 on 
the dynamics of cell-state transitions, we used 
Palantir (67) to infer a pseudotime ordering 
of epithelial neighborhoods at 3 wpi, begin- 
ning from the Nes* progenitor state (fig. SI3E). 
Ordering Milo log-fold-change values along 
this pseudotime axis confirms that more IL-33- 
perturbed epithelial cells accumulate in earlier 
states expressing progenitor markers (Ves) 
and other genes associated with a plastic state 
(plasticity score correlation P < 0.01) (Fig. 6, D 
and G). Although 1733 is expressed in only a 
small fraction of Kras-mutant epithelial cells, 
1133 perturbation results in marked changes 
in the cell-state composition of the premalig- 
nant pancreas, apparently by preventing the 
transition from a plastic progenitor-like state 
into distinct PanIN populations, such as the 
gastric-like cells that are normally abundant 
in unperturbed epithelia by 3 wpi. 

The widespread changes in cell state caused 
by IL-33 perturbation support Calligraphy’s 
prediction of the relevance of this feedback 
loop. To more directly link the specific pre- 
dicted interacting partners with observed 
perturbation-induced changes, we mapped 
each Milo neighborhood to Calligraphy com- 
munication modules (fig. S13G) and evaluated 
the extent to which cell states predicted to be 
downstream of IL-33-mediated cross-talk 
overlap with cell states affected by the pertur- 
bation. Qualitatively, we found the largest im- 
pact of 1133 perturbation on progenitor and 
bridge modules, both of which are predicted to 
be downstream of IL-33 and to express IL-4 
receptor (//4ra) (Fig. 5, B and E), whereas the 
only two modules not downstream of IL-33 
are those with the smallest effect sizes (E2 and 
E5). Quantitatively, cell states predicted by 
Calligraphy to participate in the IL-33 network 
were more significantly affected by the 1133 
perturbation (P = 1.24 x 1077, one-sided ¢ test, 
t = -5.25) (Fig. 6H). These results functionally 
validate Calligraphy as an approach to infer 
both communication circuits and the specific 
subpopulations affected (directly and indirect- 
ly) upon perturbation of such networks. 


Discussion 


Although much is known about the molecular 
processes affecting tumor progression to ad- 
vanced PDAC, pancreatic cancer is diagnosed 
late, and the paucity of molecular studies of early 
neoplasia has left us with little knowledge of 
how it emerges from a relatively homoge- 
neous epithelium. By combining single-cell 
sequencing of mouse models with computa- 
tional analysis, we found that permissive chro- 
matin states in Kras-mutant cells diversify the 
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communication programs available to preneo- 
plastic tissue, expanding downstream cross- 
talk throughout the tumor microenvironment. 
Moreover, in the Kras-mutant context, epige- 
netic reprogramming and the emergence of 
cancer-driving populations is very dynamic, oc- 
curring within 2 days of insult by inflammation. 

Mutation is known to drive plasticity in 
lung cancer through the loss of AT1 or AT2 
lineage identity and acquisition of a pheno- 
type intermediate between these states (17, 18). 
In the pancreas, a similar loss of acinar iden- 
tity and gain of an intermediate acinar-ductal 
state have long been observed in both tumori- 
genesis and regeneration; thus, traditional no- 
tions of plasticity are insufficient to describe its 
contribution to disease. We defined plasticity as 
the potential of a cell to manifest diverse future 
fates, motivating a generalizable plasticity score 
that tracks with the degree of epigenetic prim- 
ing. This score nominated several highly plastic 
cell states, in which open chromatin unlocks 
access to multiple distinct gene programs ob- 
served in benign lesions or malignant disease 
and revealed that inflammation enhances plas- 
ticity across these states. 

To better elucidate the emergence of plastic 
states, we sought to reconcile prior work pro- 
posing different cells of origin for neoplasia. 
Our GEMMs harbor mutant Kras in all acinar 
cells, allowing us to comprehensively explore 
which states can initiate tumorigenesis. Using 
CellRank (39), we traced the origins of epi- 
thelial transcriptional diversity to multiple 
“apex” progenitor populations that correspond 
with experimentally determined cells of origin. 
These populations also exhibit high plasticity 
scores and unify prior work by suggesting that 
neoplasia can arise from multiple Kras-mutant 
cell states through distinct responses to inflam- 
mation. Moreover, our Péffa-Cre model traces 
this diversity back to a predominantly acinar- 
like state, supported by the fact that nearly all 
premalignant epithelial cell states have an acinar- 
like chromatin state (epigenetic “memory”), 
which itself maps to a CellRank-predicted apex 
state. Whereas non-acinar lineage cells can 
also undergo neoplastic transformation in mice 
(21, 62), our results agree with the observed 
loss of normal lineage identity upon Kras mu- 
tation and inflammation (63) and reveal apex 
states that may emerge after this transition. 
Among apex states, multiple unbiased analy- 
ses in particular support a Nes* progenitor-like 
state (44, 45), which displays PDAC-associated 
chromatin alterations, expresses progenitor- 
associated genes, and scores highest for our 
plasticity metric—all hallmarks of highly plas- 
tic cells. 

Our plasticity score was most correlated 
with cytokine and receptor genes, implying 
that plastic populations are primed to signal 
and/or respond to the environment. Address- 
ing this, we investigated how cell-cell commu- 
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nication may drive rapid tissue remodeling. 
Prior communication inference approaches 
failed to find specific signals among the large 
number of cytokines and receptors expressed 
across cell populations. We therefore developed 
Calligraphy to leverage modularity in gene ex- 
pression for greater power and robustness over 
testing individual R-L gene pairs, allowing us 
to focus on neoplasia-specific communication 
networks. Calligraphy identified modules of 
coexpressed communication genes that unex- 
pectedly mapped one-to-one to transcriptional 
cell states, implying that communication is 
critical for establishing cell-state diversity 
within the premalignant pancreas. These net- 
works were largely absent from normal pan- 
creas, with only one being induced in a rare 
subpopulation of cells that emerges upon tis- 
sue damage. The same module has the highest 
propensity for tissue remodeling and persists 
in advanced murine and human cancers,dem- , 
onstrating that cancer commandeers gene pro- 
grams used during normal regeneration. 

Our analyses revealed a feedback loop ini- 
tiated by IL-33 signaling from Kras-mutant 
epithelial cells expressing the gastric module 
to T,2 cytokine-expressing Tyg, and ILC2s, 
which signal back to the epithelium (among 
multiple other routes). These findings link 
previous results on the relevance of T,,2 sig- 
naling in PDAC tumorigenesis (56) to those 
on the role IL-33 in this process (23). Spa- 
tial analysis revealed proximal localization of 
signaling populations in the loop, and epi- 
thelial 7733 knockdown in a GEMM impaired 
inflammation-driven remodeling of plastic pop- 
ulations, blocking the emergence of gastric- 
like state cells that are otherwise abundant in 
PanIN lesions. This mechanism can be driven 
by solely epithelium-derived IL-33 despite the 
high stromal IL-33 expression previously im- 
plicated in disease phenotypes (58, 59). Fur- 
ther, the results of in vivo 133 perturbation 
support Calligraphy inference by matching 
predictions of which populations are perturbed, 
to what degree, and in what temporal sequence. 
Other modules defined herein are also likely 
to have functional importance. Future work 
can extend this approach to other niche com- 
ponents such as fibroblasts or endothelial cells 
and should expose additional communication 
with the potential for therapeutic or diagnos- 
tic exploitation. 

PDAC is frequently detected too late for cu- 
rative intervention, and a detailed understand- 
ing of early neoplastic events may enable the 
development of rational strategies to prevent, 
detect, and intercept tumors before they pro- 
gress to an intractable stage. Our results show 
that GEMMs can be used to study and perturb 
early events, revealing epigenetically plastic 
cell states in neoplasia that are not observed in 
the normal or regenerative pancreas. Fur- 
ther efforts to understand neoplasia-specific 


12 of 14 


RESEARCH | RESEARCH ARTICLE 


communication networks driving PDAC ini- 
tiation hold promise for the development of 
therapeutics that block early cancer progres- 
sion, and may also be effective against ad- 
vanced disease. 


Methods summary 
Experimental design 


Samples from GEMMs were collected to span 
the entire range of PDAC progression (K1 to 
K6), as well as regenerating pancreata (N1 and 
N2). Additional samples were collected from 
GEMMs enabling selective genetic perturba- 
tion of premalignant Kras-mutant cells. Table 
S8 summarizes experimental conditions (27). 
All animal experiments were performed in ac- 
cordance with the institutional animal care and 
use committee-approved protocol (11-06-018). 


Generation of bulk and single-cell omics data 


Tissue dissociation and cell preparations for 
bulk and single-cell ATAC-seq were performed 
as previously described (23). For scRNA-seq 
analysis, fluorescence-activated cell sorted 
(FACS) epithelial or immune cells were en- 
capsulated and processed following 10x Ge- 
nomics user manual (Reagent Kit 3’ v2) as 
described previously (27). 


Spatial and immunophenotyping data 


Tissues were processed and stained for imag- 
ing [IF/immunohistochemistry (IHC), IMC, 
hematoxylin & eosin (H&E), and smFISH] or 
FACS analyses (27). Tables S9 and S10 sum- 
marize panels used for multiplexed IMC and 
smFISH. IMC data were collected using the 
Hyperion Imaging System and CyTOF soft- 
ware version 7.0.8493.0 (Fluidigm). smFISH 
imaging was performed on a Nikon Ti2 in- 
verted microscope. FACS data were acquired 
using a five-laser BD Biosciences LSRFortessa 
flow cytometer and analyzed using FlowJo 
version 10.0 software. 


Computational analysis 


scRNA-seq data were processed with SEQC 
(64), filtered with a custom pipeline (27), and 
log library size normalized. scATAC-seq data 
were processed with ArchR (65). Processed 
transcriptomic and epigenomic datasets were 
analyzed with custom Python scripts for visu- 
alization, cell-state annotation, metacell infer- 
ence, multimodal integration, plasticity scoring, 
and Calligraphy communication inference, 
among other analyses fully described in (27). 
smFISH image analysis was performed on max- 
imum projection images with segmentation on 
the DAPI channel using Mesmer (66) and Py- 
thon code for phenotyping and spatial analyses. 
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INTRODUCTION: Between 1100 and 900 years 
ago, a global warming episode affected numer- 
ous civilizations worldwide. In the Americas, 
severe droughts reconfigured the demography 
of pre-Hispanic civilizations as well as the eco- 
logical landscape. We report ancient genomic 
data from 12 pre-Hispanic individuals from 
before and after this climate change episode 
to investigate the population dynamics at the 
limit between the two biocultural regions of 
Aridoamerica in the north and Mesoamerica 
in central and south Mexico. 


RATIONALE: The archaeological evidence indi- 
cates that the droughts shifted the border 
southward between desertic Aridoamerica 
and the verdant and culturally rich Meso- 
america, which was home to large civilizations 
like the Aztecs and Mayans. This climate 
change allegedly led to a population replace- 
ment in the northern frontier of Mesoamerica 
by seminomadic hunter-gatherers from Ari- 
doamerica. However, this hypothesis relies 
solely on archaeological data, so we generated 


Population continuity and ghost Sierra 
genetic ancestries in pre-Hispanic 
Mexico. Ancient individuals who 
inhabited the northern frontier of 
Mesoamerica (NFM) before and 

after a 200-year period of severe 
droughts (shown in timeline) belong 
to a continuous population. This is 

in contrast to a previous hypothesis 
suggesting that hunter-gatherers 
from Aridoamerica replaced the 
populations at the NFM following 

the southward shift of its limits 

with Mesoamerica (solid and 

dashed lines). Individuals from 

Sierra Tarahumara and Cafiada de la 
Virgen show genetic ancestry from 
two distinct ghost populations (UpopA 
and UpopA2). 
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ancient genomic and mitochondrial DNA 
data to test it. In addition, we leveraged 
these data to describe the ancient popula- 
tion structure of Mexico and to investigate 
the contribution of unsampled genetic line- 
ages to the ancient genomes. 


RESULTS: The pre-Hispanic population struc- 
ture closely resembles the structure observed 
in present-day Mexico, which clearly differ- 
entiates northern and central Indigenous pop- 
ulations. This reflects an overall conservation 
of the genetic structure of the populations 
inhabiting the Mexican territory for at least 
1400 years (which is the date of the most 
ancient individual in our study). 

We found genetic continuity in the ancient 
individuals from before and after the climate 
change episode. This contradicts the hypothesis 
of population replacement by Aridoamerican 
groups in this region and suggests that the 
local population stayed in their homeland de- 
spite the long-standing droughts. The popu- 
lation continuity at the studied site can be 


ae etn, 


eo 


A 
N 


Mesoamérica 


Michoacan 
a 
n=0,1 
Early 
Classic 


400 200 0 
BCE Years CE 


~ Aridoamérica 


200 400 600 


explained by the favorable location in the] Chee 

2 : 4 upd 
and humid Sierra Gorda mountain range '—-— 
the fact that cinnabar mining was the main 
economic activity, not agriculture. 

We identified the contribution of two dis- 
tinct unsampled “ghost” genetic ancestries 
to pre-Hispanic populations of northern and 
central Mexico, respectively. Whereas the un- 
sampled genetic ancestry contributing to the 
northern genome coincides with one previ- 
ously identified in a present-day population 
from south Mexico, the second ghost genetic 
ancestry was previously unknown. 


CONCLUSION: The ancient genomes revealed 

a conservation of the genetic structure in 
Mexico in the past 1400 years and population 
continuity in the northern frontier of Meso- 
america despite the severe droughts 1100 years 
ago. It is likely that the mining-based economy 
allowed the population to subsist in their , 
homeland during this climate change period 
when the border between Aridoamerica and 
Mesoamerica shifted southward. The iden- 
tification of a new ghost genetic ancestry 
(UpopA2), along with that observed in ancient 
Sierra Tarahumara and present-day Mixe 
(UPopA), reveals a complex population history ‘ 
in the late Pleistocene in the Americas. The 
recovery and study of ancient genomes from 
Mexico, conducted ethically, can help fill im- 
portant gaps in our understanding of the deep * 
population history of the Americas. 
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Aridoamerica and Mesoamerica are two distinct cultural areas in northern and central Mexico, 
respectively, that hosted numerous pre-Hispanic civilizations between 2500 BCE and 1521 CE. The 
division between these regions shifted southward because of severe droughts ~1100 years ago, which 
allegedly drove a population replacement in central Mexico by Aridoamerican peoples. In this study, 
we present shotgun genome-wide data from 12 individuals and 27 mitochondrial genomes from eight pre- 
Hispanic archaeological sites across Mexico, including two at the shifting border of Aridoamerica and 
Mesoamerica. We find population continuity that spans the climate change episode and a broad 
preservation of the genetic structure across present-day Mexico for the past 2300 years. Lastly, we 
identify a contribution to pre-Hispanic populations of northern and central Mexico from two ancient 


unsampled “ghost” populations. 


efore European colonization, the terri- 

tory that is present-day Mexico was 

home to numerous civilizations that oc- 

cupied two main cultural areas: Arido- 

america in northern Mexico, inhabited 
mainly by hunter-gatherers, and Mesoamerica 
in central and southern Mexico (Fig. 1), where 
some of the largest pre-Hispanic agriculture- 
based civilizations in the Americas flourished 
between 2500 BCE and 1521 CE (J, 2). The 
distinction between Aridoamerica and Meso- 
america is based on the cultural characteristics 
and subsistence strategies of the peoples that 
inhabited them, as well as the ecological features 
of each region (3, 4). Archaeological evidence 
indicates that the border between these two 
areas shifted southward between 900-1300 CE 
after multidecadal droughts (5). This period is 
also known as the Medieval Warm Period in 
other regions of the world (6). The droughts 
allegedly led to population replacements in the 
northern frontier of Mesoamerica by semino- 


madic hunter-gatherers (“Chichimecas”) from 
Aridoamerica (7) and precipitated the fall of 
some pre-Hispanic societies and the abandon- 
ment of Mesoamerican cities in central and 
southeast Mexico (5, 8-10). 

Evidence for the population replacement at 
the northern frontier of Mesoamerica comes 
solely from the archaeological record. Wheth- 
er this change was the product of migration or 
acculturation has been debated by archaeolo- 
gists for years (8, 11-13). Studying the genetic 
variation of ancient populations that span this 
period of climate change across these two re- 
gions is thus necessary to illuminate the re- 
gional population dynamics in response to 
this drastic environmental change. However, 
ancient genomic data for pre-Hispanic popu- 
lations from Mexico is very limited, with only 
two studies reporting 11 low-depth genomes 
(<0.3x) for a few individuals restricted to 
northern Mexico (/4, 15), and no available ge- 
nomes from central and southern Mexico. 


In this study, we report the most extensive 
set of complete mitochondrial genomes (mito- 
genomes) and shotgun genome-wide data to 
date from pre-Hispanic individuals from 
Mexico. We analyze our data jointly with 
publicly available datasets of other ancient 
Native Americans and present-day Indigenous 
populations from Mexico. This large compen- 
dium of ancient genomic data allows us to 
study the pre-Hispanic genetic structure in 
the territory occupied by Mexico, helping to 
answer long-standing questions regarding 
population dynamics at the northern fron- 
tier of Mesoamerica, disentangling the com- 
plex structure of central Mexico populations, 
and revealing a previously unknown ancient 
contribution of unsampled genetic lineages 
to Mexican populations. 


Results 
Sampling and pre-Hispanic genomic 
data generation 


We screened archaeological samples from 37 pre- 
Hispanic individuals excavated at seven sites 
from within Mesoamerica in central Mexico. 
Three are in the Sierra Gorda in Querétaro 
state (Toluquilla and Ranas sites and a cave in 
Cadereyta de Montes), three in Michoacan 
state (Zaragoza, Tanhuato, and La Mina sites), 
and one in Guanajuato state (Cafiada de la 
Virgen site) (Fig. 1). Furthermore, we produced 
additional shotgun data for two mummies 
from the Sierra Tarahumara from Aridoamerica, 
northern Mexico, who were sequenced at 
lower depths in a previous study (J4) (Fig. 1). 
The sampling of the archeological human re- 
mains was made after approval by the Archae- 
ology Council of the Instituto Nacional de 
Antropologia e Historia with permit numbers 
401.3S.16-2017/990 and 401.3S.16-2019/222. 
We sampled the minimum possible amount 
of tissue to avoid unnecessary destruction. 
For teeth, we tried to separate the root without 
damaging the crown and returned all leftover 
material to the archaeologists responsible for 
each collection. Although consultation with 
Indigenous populations for destructive anal- 
ysis of human archaeological material is not a 
requirement by law in Mexico and the studied 
sites are not located within Indigenous com- 
munities, we acknowledge the need to involve 
Indigenous perspectives in delineating the 
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Fig. 1. Map of archeological sites and modern populations. Map of Mexico indicating the location of the pre-Hispanic sites analyzed in this study (triangles) and 
in previous studies (Squares) (14, 15), and the approximate locations of present-day Indigenous populations sampled in previous studies (circles) (14, 18, 22, 36). 
The continuous line indicates the northern frontier of Mesoamerica, with Aridoamerica to the north and Mesoamerica to the south during the years ~800-900 CE. 
The dashed line indicates this border after the year ~1500 CE, based on (2). Numbers next to archaeological sites from this study indicate the number of whole- 
genome data and mitochondrial genomes recovered per site (Separated by a comma). 


regulations for these types of studies [see (/6) 
for a deeper discussion on the subject]. To en- 
gage the neighboring communities, we de- 
livered public lectures to communicate the 
genetic results to the village closest to the sites 
in Sierra Gorda. 

After processing and sequencing samples, 
we obtained informative amounts of shotgun 
sequence data (0.01 to 4.7x genomes) for 
12 individuals spanning a time transect of 
750 years (600-1351 CE). These include 10 low- 
depth genomes from within Mesoamerica in 
central Mexico, and two from Aridoamerica, 
in the Sierra Tarahumara (table S1). In addi- 
tion, we reconstructed the mitochondrial ge- 
nomes for 27 individuals across these sites 
(5.7 to 1284.8x), spanning a time transect of 
1600 years (320 BCE to 1351 CE). (tables S1 
and S2). We included in the dataset three 
previously published ancient genomes (table 
S3) as well as nine ancient mitogenomes from 
northern Mexico (table S4), yielding a total of 
15 ancient genomes and 36 ancient mitoge- 
nomes from the Mexican territory. 

We named each sample according to burial 
and individual identifiers provided by archae- 
ologists and added two additional labels. The 
first label includes one to three letters that 
refer to the archaeological site, whereas the 


Villa-Islas et al., Science 380, eadd6142 (2023) 


second refers to whether the individual dates 
to before (“b”) or after (“a”) the drought period. 
The three pieces of information are divided 
by an underscore character. Throughout the 
text we refer to all individuals using these 
identifiers. 


Genetic structure and diversity in 
uniparental markers 


All chromosomal sex assignments matched 
the morphological sex except one (XX chro- 
mosomally and male on the basis of morphol- 
ogy) (table S1) (17). It was possible to assign 
Y-DNA haplogroups to 5 out of the 13 in- 
dividuals assigned as XY, all of which had a 
Native American Q lineage. This is in agree- 
ment with previous studies on ancient and 
present-day Indigenous Mexican individuals 
(18-23). At the subhaplogroup level, we found 
Qla2al1-L54 and Qla2alalal-M3, with no ap- 
parent differences between Aridoamerica and 
Mesoamerica (table S1). 

All 27 reconstructed mitogenomes carried 
one of the mitochondrial DNA (mtDNA) haplo- 
groups found in Indigenous populations of 
the Americas: A (n = 10), B (n = 9), C (n = 4), 
and D (n = 4) (24) (tables S1 and S4) (7). After 
merging with nine additional pre-Hispanic 
mitogenomes from Mexico from other studies 
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(14, 15, 25), we found all four haplogroups in 
Mesoamerica (n = 25) and only C and B in 
Aridoamerica (n = 11) (table S4). Consistently, 
we observed higher nucleotide diversity (1) 
values in Mesoamerican populations com- 
pared with Aridoamerica (/7). 

The pre-Hispanic mtDNA haplogroup dis- 
tribution resembles the one in present-day 
individuals (23, 25, 26), showing an overall 
continuity of the matrilineal genetic structure 
for at least 2300 years. Of the available com- 
plete ancient mtDNA genomes from Arido- 
america, 36% harbor haplogroup C, which 
decreases in frequency to 8% in Mesoamerica, 
whereas the opposite occurs for haplogroup 
A, with 40% of presence in Mesoamerica and 
0% in Aridoamerica (table S4). This gradi- 
ent has been previously observed in ancient 
and contemporary populations from Mexico 
(8, 19, 23, 25-31). Moreover, we detected un- 
reported variants in the mtDNA PhyloTree 
(32) for seven individuals assigned to the sub- 
haplogroups A2d, B2c, and B21] (table S5) (77). 

In Sierra Gorda, we identified subhaplogroup 
A2d in six individuals—four predrought and 
two postdrought. After quality filtering (77), 
five of them were included in a median-joining 
network (table $4). Four (two pre- and two 
postdrought) clustered together in a single 
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Fig. 2. mtDNA haplotype networks. (A) Haplotype network of mitochondrial subhaplogroups A2 including present-day and pre-Hispanic mitochondrial 

haplotypes from Mexico. Arrows point to individuals from Sierra Gorda within haplogroup A2d from before and after the drought period. (B) Haplotype network of 
mitochondrial subhaplogroups of the lineage B2 including present-day and pre-Hispanic mitochondrial haplotypes from Mexico. Arrows point to pre-Hispanic 
individuals from Cueva Candelaria, Paquimé, Sierra Gorda, and Cafiada de la Virgen. 


clade despite spanning a time transect of 
1480 years, whereas the fifth individual re- 
mained in a different clade within A2d (Fig. 
2A). Notably, P_CCM_b and 2417J_TOL_a are 
found in the same node within A2d. This re- 
flects a continuity of this maternal lineage de- 
spite the severe droughts in Sierra Gorda. By 
contrast, the haplotype network for haplo- 
group B, including five Sierra Gorda indi- 
viduals, shows that the three predrought 
individuals share subhaplogroup B21, whereas 
the two postdrought individuals are related 
and found in a node representing subhaplo- 
group B2c. Because mtDNA is subject to ge- 
netic drift that leads to lineage loss, it cannot 
accurately inform about genetic structure or 
admixture events. The discrepant patterns 
between haplogroups A and B could be ex- 
plained by a number of scenarios, which are 
difficult to test because of the small sample 
size. This highlights the need to explore auto- 
somal data to test the population-replacement 
hypothesis reliably. 

We further leveraged the mtDNA data to 
estimate the past female effective population 
size (Ne) using Extended Bayesian Skyline Plots 
(EBSP) in pre-Hispanic (7 = 29) and present- 
day Mexico (n = 232) (tables S4 and S6), per 
haplogroup and all haplogroups together (fig. 
S6, A to H). All EBSP runs (table S7) showed 
wide (95%) confidence intervals (CIs) except 
the EBSP of only present-day Mexico, in which 
we observed a population expansion ~5 kyr 
B.P. (thousand years before present) and a 
population decline ~500 yr B.P., though the 
median values do not support the latter (fig. 
S6, G and H). Despite the wide CI, there is a 
clear distinction between the estimated female 
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Ne per haplogroup, with haplogroup A reach- 
ing the highest present-day values (104,048), 
followed by D (100,812), and decreasing al- 
most an order of magnitude for haplogroups 
B and C (37,155 and 7226, respectively). To 
improve the estimations and gain insights 
about the past female Ne in a wider geograph- 
ical range, we merged our dataset with avail- 
able ancient mtDNA sequences from South 
America (7 = 137) (table S6). The EBSPs for 
haplogroups A, B, and D, respectively, also 
show wide CIs (fig. S6, I, J, and N), whereas 
haplogroup C shows a clearer pattern of pop- 
ulation expansion starting ~15 kyr B.P. and a 
population decline starting ~5 kyr B.P. (fig. 
S6K). Consistent with our previous observa- 
tion, the estimated female Ne is notably higher 
for haplogroups A and D than for B and C in 
the merged dataset (fig. S6, I to L). 


Autosomal genetic structure in 
pre-Hispanic Mexico 


We performed ADMIXTURE (33) and princi- 
pal component analysis (PCA) (34, 35) to vi- 
sualize the genetic relationship and genetic 
structure at the autosomal level between the 
pre-Hispanic individuals and other ancient 
individuals representative of North, Central, 
and South America (table $3), along with 
present-day Native American individuals from 
Mexican and continental populations (table 
S8) (14, 18, 22, 36, 37). All pre-Hispanic in- 
dividuals from Mexico, as well as all ancient 
individuals from California, Belize, and Pata- 
gonia, clustered together in PCA with present- 
day Indigenous populations from Mexico (fig. 
S7) and shared similar genetic composition in 
the ADMIXTURE analysis (fig. S8). 
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We projected the pre-Hispanic individuals 
onto a principal-components space of only pre- 
Hispanic and present-day Indigenous popula- 
tions from Mexico (14, 18, 22, 36) using an 
approach named “missing DNA” PCA (mdPCA) 


that corrects for the high missing fraction of ‘ 


low-depth ancient genomes (/7). All ancient 
individuals clustered closely in the mdPCA 
with present-day populations from the same 
geographical region except for individual 
MOM6_ST_a, who is intermediate between 
northern and central present-day populations. 
Both pre- and postdrought Sierra Gorda indi- 
viduals clustered together with present-day 
Nahua from Jalisco, Purépecha, Totonac, 
Nahua from Puebla, and Nahua, all of which 
are from central Mexico (Fig. 3A). This pattern 
was replicated when using traditional PCA 
(fig. S9) and a temporal factor analysis ap- 
proach (38), which corrected the ancestral 
relationships with the dates of the pre-Hispanic 
individuals (fig. S10) (77). In agreement, the 
ADMIXTURE analysis assuming six ances- 
tral components revealed that pre-Hispanic 
individuals show similar genetic ancestry pro- 
portions to those observed in present-day pop- 
ulations from the same region (Fig. 3B) and 
that individuals from Sierra Gorda show a ho- 
mogeneous genetic composition independent 
of the period in which they lived (Fig. 3B). 
We then performed several combinations of 
D- and outgroup-f3 statistics to further explore 
the genetic structure of ancient and present- 
day populations (17). Outgroup-f3 statistics 
were of the form f3(Test, Sourcel; YRI), where 
the Test is the pre-Hispanic individual under 
analysis and Sourcel is a present-day Indige- 
nous population. D-statistics were of the form 
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Fig. 3. Genetic structure of Indigenous and pre-Hispanic individuals. (A) Missing DNA Principal Component Analysis (mdPCA) of present-day Indigenous Populations 
with the ancient and pre-Hispanic genomes from Mexico. (B) Unsupervised clustering analysis of same data by ADMIXTURE with k = 6, showing green, blue, and 
orange components in northern populations, yellow and pink components in southeast populations, and a violet component in south and central Mexico populations. 


D(Pop1, Pop2; Test, YRI), where Test is the 
pre-Hispanic individual under analysis, and 
Pop! and Pop? are all possible combinations 
of present-day Indigenous populations. YRI 
represents Yoruba as the outgroup population 
in both tests. We found that F9_ST_a shared 
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higher genetic drift with present-day northern 
Mexican populations than with any other 
present-day population (fig. S11 and table S9) 
and was significantly more related to the 
present-day Raramuri than to any other 
population when tested in the form D(Popl1, 
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Raramuri; F9_ST_a, YRI) (fig. S12 and table 
S10). However, a population continuity test 
that considers the read counts in the ancient 
individual and allele frequencies in the present- 
day population (39) rejected the null hypothesis 
of population continuity between F9_ST_a and 
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present-day Raramuri, which had a P value 
of 10*°°? (77). 

The genetic ancestries of pre-Hispanic indi- 
viduals from central Mexico are more com- 
plex. They do not seem to have a higher shared 
genetic drift with any present-day Indigenous 
population according to the f3-outgroup values, 
for which almost all standard errors over- 
lapped (figs. S13 to S15 and table S9). Further- 
more, in D-statistics analysis, we found mostly 
D = 0 in all possible combinations of Pop1 and 
Pop2 (figs. S16 to S18 and table S10), which 
was expected in populations with extensive 
gene flow between them and not completely 
diverged from each other. 


Genetic diversity in pre-Hispanic Mexico 


We estimated the conditional nucleotide di- 
versity (CND) (40) and runs of homozygosity 
(ROH) (47) in pre-Hispanic and present-day 
Indigenous individuals from Mexico (18, 22) 
to make inferences about past genetic diver- 
sity and effective population sizes and investi- 
gate changes in patterns of genetic variation 
that may have arisen after the drought period 
(17). Both the CND values and the ROH dis- 
tribution show that pre-Hispanic and present- 
day individuals from northern Mexico (Pericties 
and Akimel O’odham) have the lowest CND 
values and the highest sum of inferred ROH 
[>4 centimorgan (cM)] compared with other 
populations of their respective periods (tables 
S11 to S13). Perici hunter-gatherers had the 
lowest CND values (fig. S19 and table S12), 
but the ROH proportion revealed a larger 
population size than another ancient hunter- 
gatherer population from Patagonia (fig. S19 
and table S12) (7). These results agree with 
previous studies that report lower genetic di- 
versity and longer ROH in hunter-gatherer 
populations from South America than those 
observed in other regions of the Americas (42). 
Pre-Hispanic individuals from Sierra Tara- 
humara, Toluquilla, and Canada de la Virgen 
show similar values of CND and sum of in- 
ferred ROH segments. In Toluquilla, we found 
that the CND value increases with the date 
difference between pairs of individuals, which 
probably reflects the accumulation of new 
mutations during the 489 to 680 years of 
difference between pre- (2417Q_TOL_b) and 
postdrought (2417J_TOL_a and 333B_TOL_a) 
individuals. Lastly, the segment-size distribu- 
tion of ROHs suggests that the pre-Hispanic 
individuals studied here belonged to popula- 
tions with small Ne (2Ne = 1600 to 6400) 
(fig. S20) (17), which is in agreement with Ne 
values previously calculated for present-day 
northern and southern populations (43). 


Genetic continuity before and after the 
900-1300 CE droughts in the Sierra Gorda 


To formally test the hypothesis of population 
replacement in the Sierra Gorda from the 
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northern frontier of Mesoamerica during 
the 900-1300 CE droughts, we applied different 
combinations of outgoup-f3 and D-statistics. 
We used individuals from Sierra Gorda from 
the pre- (TOL_b and R_b) or postdrought 
(TOL_a) periods as the Test population in an 
outgroup-f3 of the form f3(Test, Source; YRI); 
for the Source, we used another ancient indi- 
vidual from Mexico or ancient representatives 
of other regions in the Americas (North, Central, 
and South America) (table S3). 

Under a population replacement scenario, 
we would expect the Toluquillan individuals 
who lived after the drought to be more closely 
related to pre-Hispanic individuals with higher 
proportions of Aridoamerican genetic ances- 
try (Pericies and F9_ST_a) than to Toluquil- 
lan individuals who lived before the drought 
(2417Q_TOL_b). Instead, what we observed is 
that the pre-Hispanic individuals from Sierra 
Gorda before and after the climate change 
episode share higher genetic drift between 
them than with any other pre-Hispanic indi- 
vidual (Fig. 4A), except for the individual 
11R_R_b, who shows higher shared genetic 
drift with an individual from Cafiada de la 
Virgen (fig. S21 and table S14). However, stan- 
dard errors for 11R_R_b are high because of its 
low coverage (fig. S21). In the case of the two 
individuals from Sierra Tarahumara, the high- 
est value of genetic drift is between them (fig. 
$22). In contrast, outgroup-f3 tests with indi- 
viduals from Cafiada de la Virgen (CdV) as the 
Test population in f3(CdV, Source; YRI) (Fig. 
$23) have the highest outgroup-f3 values when 
a related individual [inferred with a related- 
ness analysis, (17)] from the same site is used 
as the Source, but the Source with the second- 
highest value does not belong to Cafiada de 
la Virgen. 

We performed D-statistic tests in the form 
D(SG_b, SG_a; Pop3, YRI), with the individ- 
uals from Sierra Gorda (SG) of each period as 
the Source—first without collapsing them per 
period and then merging the individuals in 
their respective group—and Pop3 being any 
pre-Hispanic or present-day individual or pop- 
ulation from Mexico. SG_b represents pre- 
drought individuals 2417Q_TOL_b and 11R_ 
R_b, whereas SG_a includes postdrought 
individuals 2417J_TOL_a and 333B_TOL_a. 
Notably, 2417Q_TOL_b shared more alleles 
with California or Perici individuals than 
with the postdrought individuals, but this 
sharing was not observed when only trans- 
versions were used (fig. S24 and table S15). 
When merging the individuals per period, 
none of the comparison under this model 
deviates significantly from D = 0, meaning 
that SG_b and SG_a form a clade to the ex- 
clusion of other individuals and are more 
closely related to each other than with any 
other pre-Hispanic or present-day population. 
The only exception was when Pericties were 


12 May 2023 


used as Pop3, where D > O with a g-score = 
3.625, which indicates that the predrought in- 
dividuals are more closely related to Perictes 
(fig. S25 and table S16). However, this signif- 
icant deviation disappears when repeating the 
analysis with only transversion sites (Fig. 4B 
and table S17). 

We then used fstatistic-based admixture 
graphs (qpGraph) (44) to further evaluate the 
population continuity scenario in Sierra Gorda 
by testing the fit of models that grouped in- 
dividuals from before and after the drought 
period in the same clade. For the model, we 
used the 11,500-kyr-old USR1 (45) as the sur- 
rogate for ancient Beringian, the 10,700-kyr- 
old Anzick (46) individual as the surrogate 
for ancestral Southern Native American (SNA) 
(14), and the 4200-kyr-old Ancient Southwest- 
ern Ontario individual (ASO) (15) as the sur- 
rogate for Northern Native American (NNA) 
(14). In the analysis, we included the pre- 
Hispanic individuals with the highest cov- 
erage: 2417Q_TOL_b, 2417J_TOL_a, and 333B_ 
TOL_a from Toluquilla, and F9_ST_a as the 
surrogate for Aridoamerica. The three sur- 
rogates can be modeled in the same clade 
separated from F9_ST_a, with no contribu- 
tion to this (Fig. 4C). 

Finally, we used qpWave (44) to assess 
whether pre- and postdrought Sierra Gorda 
individuals can share a demographic history 
without the need of an additional wave of 
genetic ancestry from Aridoamerica or anoth- 
er population. Indeed, we found that pre- and 
postdrought Sierra Gorda individuals can be 
modeled in the same clade without the need of 
an admixture event (P > 0.12). By contrast, an 
additional genetic source is needed to reflect 
genetic variation in F9_ST_a, Pericties, Akimel 
O’ odham, and Maya (table S18). 


Admixture model for Central Mexico populations 


Given the complex relationships observed for 
ancient individuals in central Mexico, we tested 
additional demographic models using qpGraph. 
The base model that fit the pre-Hispanic pop- 
ulations includes the Anzick (46) individual as 
the ancestral SNA (/4), present-day Athabascan 
(1/4) as the representative for NNA (/4), and 
present-day Indigenous populations in Mexico 
(36) that represent the northern (Konkaak), 
central (Nahua from Puebla), and southern 
(Triqui) regions. Furthermore, this model in- 
volves a split of the SNA into S2A and S2B 
sources. The pre-Hispanic populations from 
Sierra Gorda and Canada de la Virgen show 
different levels of genetic ancestry from SNA 
and NNA. We found that the population 
from Sierra Gorda had a higher percentage 
of the SNA branch from S2B (64%) than the 
population from Cafiada de la Virgen (37%), 
which had 62% genetic ancestry shared with 
the NNA branch, indicating a different demo- 
graphic history for each of these populations 
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Fig. 4. Population continuity in Sierra Gorda. (A) Shared genetic drift and 
genetic affinities of pre-Hispanic individuals from Toluquilla, 2417Q_TOL_b, 
2417J_TOL_a, and 333B_TOL_a, compared with pre-Hispanic individuals from 
Mexico. Higher values of f3 indicate higher shared genetic drift. Point estimates and 


present-day populations from Mexico and is shown in the y axis. YRI as an outgroup 
corresponds to Yoruba from Africa from the 1000 Genomes Project (37, 95). 
Expected tree topologies according to different D values are drawn on the top of the 
plot. Blue dots indicate no significant deviations from D = O (z-score > 3). The 


one standard error are shown. (B) D statistics in the form D(SG_b, SG_a; Pop3,YRI), 
b and 11R_R_b, and SG_a 
the other pre-Hispanic or 


including transversions only. SG_b includes 2417Q_TOL_| 
includes 2417J_TOL_b and 333B_TOL_a. Pop3 is any of 


despite their relative geographic proximity (fig. 
$26). This model supports previous studies 
that report several admixture events between 
the two branches that have given rise to 


Central and South American populations 
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(15). For the Michoacan population, we ob- 
tained terminal branches with no support 
(zeros); thus, we did not make conclusions with 
this model for the Michoacan pre-Hispanic 
population. 
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number of SNVs used in each test is shown in the right. (©) qpGraph model of 
individuals from Sierra Gorda from before and after the drought is shown in the 
same clade, without contribution of F9_ST_a to the postdrought individuals. 


Ghost population contribution to 

pre-Hispanic Mexico 

Earlier studies report the contribution of “ghost” 
genetic ancestry from an unsampled group, 
designated as UpopA, among the present-day 
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Mixe from Mexico (47). We tested the presence 
of this UpopA in the pre-Hispanic individuals 
using combinations of admixture graph mod- 
els. Notably, Sierra Tarahumara (represented 
by F9_ST_a) and Cafiada de la Virgen (repre- 
sented by E8_CdV_b) showed a genetic ances- 
try contribution from a ghost population at 
28% and 17%, respectively (fig. S27, A and B). 
This was consistent with the ghost genetic 
ancestry, UpopA, that was previously reported 
in Mixe (fig. S27C), whereas models including 
individuals from the other archaeological sites 
were rejected. When we modeled the pre- 
Hispanic individuals and Mixe together, we 
found that Sierra Tarahumara and Mixe share 
the same ghost genetic ancestry, UPopA (with 
a better z-score when Sierra Tarahumara re- 
ceived NAI genetic ancestry) (fig. S28), whereas 
Canada de la Virgen required the contribution 
of a second ghost genetic ancestry from that 
found in Mixe (models without this second 
ghost genetic ancestry are rejected, z-score 
> 3), which we named UPopA2 (fig. S29). 
Finally, we included Sierra Tarahumara, 
Canada de la Virgen, Mixe, and the two ghost 
populations in the same model and confirmed 
that F9_ST_a and Mixe share the contribution 
from UpopAl, whereas Canada de la Virgen 
requires the contribution from an additional 
unsampled group, UpopA2 (Fig. 5) (78). 


Discussion 


We have generated an ancient genome data- 
set from Mexico to address long-standing 
questions about population dynamics be- 
tween Aridoamerica and Mesoamerica. The 
data allowed us to (i) describe levels of pop- 
ulation structure and genetic diversity in 
Mexico before European colonization, (ii) test 
a previous hypothesis of population replace- 
ment in central Mexico following a drastic 
climate change between 900-1300 CE, (iii) 
demonstrate a complex admixture model for 
central Mexico populations, and (iv) detect a 
contribution from unsampled population A 
(UpopA) to some northern and central Mexico 
populations. 

Our findings show a geographical structure 
in pre-Hispanic individuals that differentiates 
northern and central populations from Mexico, 
which is consistent with the northwest- 
southeast cline observed in the genetic struc- 
ture of present-day Indigenous populations 
(36). The pre-Hispanic individuals cluster in 
proximity to present-day Indigenous popu- 
lations from the same geographical area in 
the mdPCA and exhibit similar ancestral com- 
ponents based on ADMIXTURE analysis, ex- 
cept for individual MOM6_ST_a (Fig. 3 and 
figs. S9 and S10). This reflects an overall con- 
servation of the genetic structure of the pop- 
ulations inhabiting the Mexican territory (36) 
for at least 1400 years (which is the date of the 
most ancient individual in the dataset). This is 
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consistent with demographic models based on 
present-day Indigenous populations (43), (48) 
which propose a northern-southern popula- 
tion split between 4000 and 10,000 years ago 
followed by multiple waves of admixture events 


17% 


j 


62% 55% - 45% - 50% 


Sierra_Tarahumara 


between them (48). This geographical struc- 
ture is also reflected in the maternal lineages 
(table S5). The spatial distribution of the haplo- 
groups found—namely A, B, C, and D—closely 
resembles that of present-day Mexico (31, 49). 


‘50% ° . 34% *, 
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Fig. 5. Ghost ancestries in pre-Hispanic individuals from Mexico. goGraph model for Sierra Tarahumara and 
Cafiada de la Virgen including present-day Mixe. The tree has no inner O branches and a z-score of 2.415. The model 
shows different ghost ancestries, UPopAl and UPopA2, in Sierra Tarahumara and Cafiada de la Virgen individuals, 
respectively. UPopAl indicates the previously unsampled population genetic ancestry reported in Mixe, whereas 
UPopA2 is a previously unidentified genetic ancestry. All f statistics are within a standard error of 1.75. 
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Although we lacked the resolution to make 
accurate inferences about past female popu- 
lation size based solely on the ancient mito- 
genomes in the EBSP analyses, we were able 
to recapitulate a population expansion ~5 kyr 
B.P. when using modern mitogenomes, as it 
has been previously observed with whole- 
genome data from present-day Indigenous 
people from Mexico (50). This expansion is 
likely related to the domestication and prop- 
agation of maize cultivation in Mexico (51). 
Notably, we did not recover a signal of a pop- 
ulation bottleneck ~500 yr B.P. after European 
colonization in the mitogenome data. We 
speculate that the demographic impact of 
European colonization on the female pop- 
ulation was variable across Mexico and less 
drastic than in insular and other isolated re- 
gions of the Americas (52-54). The recovery of 
additional ancient mitogenomes from a wider 
temporal and spatial range will provide reso- 
lution to paint a more accurate picture of the 
female population history. 

When we focused on the genetic diversity 
at the autosomal level, our results revealed 
that ancient Aridoamericans and the popula- 
tions at the northern frontier of Mesoamerica 
have similar levels of conditional nucleotide 
diversity (CND) between them and those ob- 
served in present-day Indigenous populations 
from northern (Akimel O’odham) and south- 
ern Mexico (Mixe and some Mayan) (fig. S19). 
However, we caution that we lack genome-wide 
genetic information of present-day individuals 
from the exact same site as the pre-Hispanic 
individuals in central Mexico analyzed here to 
make a direct temporal comparison. Yet, we 
observed that the lowest CND and the highest 
total number of segments in ROH were found 
in the ancient hunter-gatherer Pericties and 
the present-day Akimel O’odham population, 
both from northern Mexico. In contrast, pre- 
Hispanic individuals from Sierra Gorda and 
Canada de la Virgen and present-day popula- 
tions from central, southern, and southeastern 
Mexico had the lowest total number of seg- 
ments in ROH (fig. $20). Altogether, these re- 
sults are reflective of the lower population 
sizes maintained in isolated Aridoamerica 
populations and the larger population sizes 
in pre-Hispanic and present-day populations 
in Mesoamerica. Notably, the pre-Hispanic in- 
dividuals from this study came from small- 
sized villages (55, 56) and do not necessarily 
reflect the demography of other Mesoamerican 
pre-Hispanic populations from larger and 
multiethnic pre-Hispanic metropolises (e.g., 
Teotihuacan, Tenochtitlan, or Palenque) (57, 58), 
where higher levels of diversity and lower 
ROH would be expected. Ancient DNA studies 
on individuals from these sites would be needed 
to reveal the extent of genetic diversity in these 
sites before the population collapse inflicted 
by European colonization. 
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To directly test the hypothesis of a population 
replacement at the northern frontier of Meso- 
america by Aridoamerican hunter-gatherers 
after the 900-1300 CE droughts, we studied 
Sierra Gorda individuals from the times before 
and after the climate change episode. Out- 
group-f3 analyses showed that individuals from 
Sierra Gorda pre- and postdrought shared 
higher genetic drift between them than with 
any other pre-Hispanic individual. Using D 
statistics, we observed that pre- and post- 
drought individuals from Sierra Gorda always 
form a clade to the exclusion of the rest of pre- 
Hispanic or present-day populations from 
Mexico. Then, qpGraphs showed that pre- and 
postdrought individuals from Sierra Gorda can 
be modeled in the same clade, which is dif- 
ferent from the one formed by F9_ST_aas an 
Aridoamerican surrogate. Regardless, F9_ST_a 
might not belong to the population that al- 
legedly replaced the population in Sierra Gorda 
following the drought; we used F9_ ST_a safely 
as a surrogate for northern genetic ancestry 
because previous studies have estimated that 
the split-time between the northern and south- 
ern ancestries occurred ~7200 years ago (43). 
Therefore, even though F9_ST_a likely did not 
belong to the population that allegedly replaced 
inhabitants of Sierra Gorda following the 
drought, we can confidently use this genome 
as a surrogate for northern genetic ancestry 
because, by the time of the climate change epi- 
sode, both ancestries were already well dif- 
ferentiated. Furthermore, with qpWave, we 
confirmed that the genetic makeup of pre- 
and postdrought individuals from Sierra Gorda 
can be explained within the same genetic his- 
tory without an additional source of genetic 
variation. Even if this replacement had hap- 
pened by an unsampled northern population, 
we would still expect to see signals that sig- 
nificantly differentiated the postdrought indi- 
viduals with an input from Aridoamerica in 
the qualitative (mdPCA and ADMIXTURE) 
and the quantitative (Outgroup-f3, D statis- 
tics, qpGrap, and qpWave) analyses, which is 
not the case. Instead, the evidence points to 
population continuity in Sierra Gorda after 
the climate change episode. 

A possible explanation for a population con- 
tinuity despite the droughts is that the favor- 
able climatic conditions at the northern Sierra 
Gorda maintained higher humidity than in 
other arid sites of the northern frontier of 
Mesoamerica, such as Cafiada de la Virgen. 
Because agriculture was the main subsistence 
strategy in Canada de la Virgen, the heavy 
droughts forced its inhabitants to migrate to 
other regions, which resulted in an abandon- 
ment of the site between 1000-1100 CE (56). 
By contrast, the main subsistence strategy in 
Toluquilla and Ranas was the mining and 
trade of cinnabar, a valuable mineral of sacred 
value in pre-Hispanic cultures (55, 59, 60). We 
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hypothesize that the cinnabar trade and the 
landscape of the Sierra Gorda allowed the 
peoples of Toluquilla and Ranas to subsist 
despite low rainfall conditions during the 
drought. Notably, we found shorter ROH seg- 
ments in the predrought pre-Hispanic indi- 
vidual than in the postdrought individuals. 
This could indicate a reduction in population 
size after the climate change episode and sug- 
gest a possible demographic impact in the 
same population. Additional assessment of 
this hypothesis at other sites at the northern 
frontier of Mesoamerica will help explain the 
population migrations and dynamics in a wider 
geographical range. 

We were also interested in obtaining in- 
sights into the demography of central Mexico 
populations because previous attempts of 
demographic modeling have been hampered 
by the high genetic heterogeneity observed in 
these populations (43, 50). Our outgroup-f3 
and D statistics results show that, although 
pre-Hispanic individuals from Mesoamerica 
in central Mexico share higher genetic drift 
with present-day populations from that re- 
gion, none of these relationships were statis- 
tically significant. Using qpGraph, we found 
that the pre-Hispanic populations from cen- 
tral Mexico all have different genetic-ancestry 
sharing with the NNA and SNA branches. This 
was expected given previous studies on ancient 
genomes from Central and South America, 
which report multiple admixture events be- 
tween these two branches after their split 
~15,000 years ago (15, 48). Together, these 
observations point to a scenario in which pop- 
ulations from central Mexico have not com- 
pletely diverged from one another, possibly 
because of extensive gene flow, as expected 
on the basis of the active commercial exchange 
between different Mesoamerican populations 
that has occurred for centuries (67). This in- 
teraction was mainly through trade routes and 
alliances between different nations (67), as re- 
vealed in present-day Indigenous populations 
who share identity-by-descent (IBD) segments 
(36, 48). The study of IBD segments in present- 
day Indigenous populations from Mexico has 
also evidenced gene flow between Meso- 
american and Aridoamerican populations 
in pre-Hispanic times (48). However, this gene 
flow occurred less frequently than within Meso- 
america. The individual MOM6_ST_a from 
Aridoamerica may have been the result of 
such admixture between Mesoamerican and 
Aridoamerican ancestors. 

Furthermore, the qpGraph admixture mod- 
els that we explored for the pre-Hispanic 
populations showed that F9_ST_a and the 
ancient individuals from Cafiada de la Virgen 
have genetic ancestry from a ghost, or un- 
sampled, population. A contribution from an 
unsampled population named UpopA was 
previously identified in present-day Mixe 
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(47) as well as in present-day northern and 
central Indigenous populations from Mexico 
(48). UpopA was estimated to have diverged 
~24,700 years ago from Native Americans (47). 
Notably, although Sierra Tarahumara shares 
the contribution of UpopA with Mixe, a sec- 
ond ghost population (UpopA2) was needed to 
model Cafiada de la Virgen in the admixture 
model together with Sierra Tarahumara and 
Mixe (Fig. 5). This observation reveals a com- 
plex population history in the Americas dur- 
ing the late Pleistoscene that needs to be 
further characterized. Additional ancestral 
DNA studies from the Americas could help 
identify the source of both ghost ancestries, 
which seemingly contribute to many present- 
day Indigenous populations from Mexico. 

We find that the pre-Hispanic population 
structure from over a thousand years ago can 
still be observed today. Our work, together 
with previous studies (15, 36, 43, 48, 50), shows 
that the demographic events that gave rise 
to Aridoamerican and Mesoamerican pop- 
ulations are more complex than previously 
thought. Commercial trade routes may have 
contributed to increased mobility, facilitat- 
ing gene flow between different populations 
within and between various cultural areas. 
Furthermore, we found genetic continuity in 
the Sierra Gorda region at the northern fron- 
tier of Mesoamerica, which suggests that the 
local population stayed in their homeland de- 
spite the long-standing droughts that forced 
other populations to abandon their cities. The 
identification of a second ghost genetic ances- 
try contribution to some pre-Hispanic central 
Mexico populations reveals a complex past 
that needs to be characterized through the 
ethical study of ancient genomes from Mexico. 
Our study opens the door for further research 
to address the questions of the unknown 
genetic past and population dynamics of 
Mexican pre-Hispanic populations, whose 
genetic legacy is retained today among Indig- 
enous and admixed populations. 


Materials and Methods 
Laboratory procedures 


DNA extraction and library preparation (before 
amplification) were performed in the Human 
Paleogenomics Laboratory, a clean lab facility 
at the International Laboratory for Human 
Genome Research, Universidad Nacional Auto- 
noma de México (LIIGH-UNAM). Bones and 
teeth surfaces were cleaned with a 1% sodium 
hypochlorite solution, followed by a solution of 
75% ethanol. Then, the surface was UV irra- 
diated (256 nm) for 1.5 min on each side using 
a UVP CL-1000 crosslinker. A Dremel tool was 
used to remove the outer surfaces of bones 
and teeth. Bones were cut to get an inner 
sample of around 100-200 mg for DNA ex- 
traction. Teeth were cut at the cementoenamel 
junction, the roots were wrapped in alumi- 
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num foil and pulverized using a hammer. 
Around 100-200 mg of the root was used for 
DNA extraction. DNA extraction was performed 
using the methods described in (62, 63), as 
described in table S2. 

DNA extraction from individual P_CCM_b 
was performed taking 150 mg of mummified 
skin. The sample was washed in deionized 
sterile water and dried. Then, the sample was 
UV irradiated (256 nm) for 1.5 min using a 
UVP CL-1000 crosslinker. Epithelium was cut 
in small pieces and incubated at 50°C for 
24 hours in lysis buffer (1OmM Tris-HCl, 
10mM NaCl, 5mM CaClo, 2.5 mM EDTA, 1% 
SDS, 10 mg/ml proteinase K, 10 mg/mL DTT). 
Followed by centrifugation at 16,100 x g for 
5 min and recovery of the supernatant. Then, 
DNA purification was performed according to 
the protocol in (63). 

Double-stranded libraries for Illumina se- 
quencing were prepared according to (64), 
using single-indexed adapters with 6-base pair 
(bp) barcodes or double-indexed with 7-bp bar- 
codes, depending on the sequencing platform, 
NextSeq550 or NovaSeq, respectively. Libra- 
ries were analyzed with qPCR to determine 
the optimum number of cycles during the in- 
dexing PCR step. Barcoded libraries were se- 
quenced for a first screening on the NextSeq550 
equipment from Illumina using a 2x75 run at 
either LANGEBIO’s genomics core facility 
(National Laboratory of Genomics for Bio- 
diversity, Irapuato, Guanajuato) or INNVEGEN 
genomics facilities (National Institute of Ge- 
nomic Medicine, Mexico City). Depending on 
the quality of the libraries (% endogenous and 
% clonality), some were chosen to be subjected 
to mitochondrial genome capture or whole- 
genome capture using Daicel Arbor Biosciences 
(Ann Arbor, MI, USA) commercial kits (table 
$2). Captured libraries were sequenced to as- 
sess complexity and yield with the tool preseq 
(65) and sequenced to higher depth using the 
NextSeq 550 (2x75 cycles) at LANGEBIO’s core 
facility or in the NovaSeq at the Centro In- 
ternacional de Mejoramiento de Maiz y Trigo 
(CIMMYT) with an SI, 2x100 cycles run (table 
$2). Sequencing runs for Sierra Tarahumara 
individuals were carried out at the Sci LifeLab 
Uppsala Sequencing Center and at the Busta- 
mante Lab in the Department of Genetics at 
Stanford University (table S2). 


Sequence data processing 


Raw reads were processed using Adapter- 
removal (66) for trimming Illumina adapter se- 
quences and collapsing of pairs of reads with an 
overlap of at least 11 bp (-trimns-trimqualities- 
qualitybase 33-minlength 30-collapse). Col- 
lapsed reads with > 30 bp and quality above 
33 were retained for downstream processing. 

The retained reads were mapped to the 
human reference genome b37 (hg19), with 
the mitochondrial sequence replaced by the 
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revised Cambridge reference sequence (rCRS, 
NC_012920). Mapping was done with bwa 
0.7.13, aln algorithm, seed disabled (-1 500), 
and keeping reads with mapping quality > 25. 
Clonal duplicates and reads mapping to more 
than one place in the genome were removed 
with SAMtools rmdup (67) and eliminating 
reads with labels ‘XT:A:R’ and ‘XA:Z’, respec- 
tively. Then, reads were realigned using GATK 
with RealignerTargetCreator and IndelRea- 
ligner (68). To authenticate ancient DNA se- 
quence data, mapDamage2 (69) was used to 
assess the damage patterns and distribution 
of reads length, using default parameters (figs. 
S1 to $4). Alignments to rCRS were separated 
into new bam files using SAMtools (67) to 
analyze the mitochondrial genome for hap- 
logroup assignment, haplotype network anal- 
ysis and Extended Bayesian Skyline Plot (EBSP). 
For the analysis of autosomal variants, base 
qualities were rescaled with mapDamage2 
(69). Depth of coverage was estimated using 
ATLAS (70). 


mtDNA analysis 


The program Schmutzi (77) was used to esti- 
mate mtDNA contamination and to obtain 
consensus sequences. The reads aligned to 
the Cambridge reference sequence (rCRS, NC_ 
012920) were analyzed with the script con- 
tDeam.pl with parameters-library double and 
the default-uselength, and schmutzi.pl was 
then run with 8 threads. Haplogrep 2 (72) was 
used to assign a mitochondrial haplogroup 
and quality of assignment for each library using 
the fasta file with the consensus mitochondrial 
genome generated by Schmutzi (table S1). 
For the estimation of the mitochondrial ge- 
netic diversity, we aligned the 27 mitochon- 
drial genomes reconstructed in this study along 
with the eight public mitochondrial genomes 
from Mexico (table S4), using the BioEdit se- 
quence alignment editor v. 7.0.5.3 (73). The 
haplotype list was obtained with DNA Se- 
quence Polymorphism software (DNAsp) 
v. 6.12.03x64 (74). The sites with gaps were not 
considered. Then, we estimated the nucleotide 
diversity Pi through the genetic distance method 
of Tajima and Nei, with the software Arlequin 
v. 3.5.1.3 using default parameters (75). 
Consensus fasta sequences of the ancient 
mtDNA genomes from this and previous studies 
were aligned together with previously published 
modern sequences (14, 15, 18, 25, 32, 53, 76-85) 
(tables S4 and S6) using MEGA X (86). Multi- 
ple sequence alignments of mitochondrial ge- 
nomes of the same haplogroup (A, B, C, or 
D) were further visually inspected and edited 
(i.e., removing common indels, as well as to 
confirm variants and making sure sequences 
remained at the same length), to assure an 
accurate alignment. Common hypervariable 
sites that are phylogenetically uninformative 
were excluded from the analysis (309, 315, 
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515-522 AC indels, 3107, 16182-16183, 16193, and 
16519) (82). mtDNA sequences were excluded 
from the alignments based on two criteria: 1) 
> 200 “N's” as observed in fasta files or 2) 
Visual evaluation of an excess of C > T mutations 
that cannot be explained by random mutation. 
Four of the mtDNA sequences (333B_TOL_a, 
3330_TOL_b, E8_CdV_b and, BC30) were ex- 
cluded from EBSP analysis but not from haplo- 
type network analysis (table S4), as their high 
number of N’s, would have likely resulted in 
overestimation of the mutation rate and biased 
inferences in ESBP analyses. 

Haplotype median-joining networks were 
constructed in Popart (87) after collapsing 
aligned full mtDNA sequences into haplotypes 
with DnaSP v. 6.12.03x64 (74). Haplotype net- 
works were constructed with both ancient 
(from this study and previously published) 
(n = 25) and present-day (n = 78) mtDNA of 
individuals in the Mexican territory (tables 
S4 and S6). All present-day samples were 
retrieved from the PhyloTree (version 17) 
database (32, 76). Only sequences that were 
reported as being of the same sub haplog- 
roup or neighboring sub-haplogroup as our 
ancient samples were chosen for sequence 
comparison. 

Past female effective population sizes were 
reconstructed using a Bayesian skyline ap- 
proach (88) in BEAST 2 (89). The ancient 
mtDNA sequences, mentioned above were 
merged with present-day mtDNA sequences 
collected from published public databases 
(tables S4 and S6). Alignments were parti- 
tioned into five concatenated regions in the 
following order (Dloop, Coding, rRNA, and 
tRNA) as proposed by (53). HKY+G was found 
to be the best substitution model for this ar- 
rangement of the data using PartitionFinder 2 
software (90). Substitution rates were esti- 
mated following a strict molecular clock mod- 
el starting from point estimations as in (97). 
Additionally, we used tip calibrations for an- 
cient samples using dating estimates (table S1). 
We ran Markov Chain Monte Carlo (MCMC) 
chains of 100 million steps for each haplo- 
group alignment with a sampling of parame- 
ters every 10,000 generations, discarding the 
first 10 million steps as burn-in. Extended 
Bayesian skyline analysis was plotted using 
SkyViz reported in (54). Two independent 
runs of EBSP were run, showing a similar be- 
havior (see table S7 for the statistics of each 
run). Figure S6, A to N, corresponds to the first 
of the two EBSP runs. 


Sex assignment 


Determination of biological sex was made using 
the tool reported in (92). This approach com- 
putes the proportion of reads mapped to the 
Y chromosome with respect to the reads map- 
ping to the X chromosome (Ry) and Y chromo- 
somes. According to the method, Ry > 0.075 
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corresponds to XY, while Ry < 0.016 corre- 
sponds to XX (table S1). 


Contamination estimation based on the 
X chromosome 


To account for the contamination present in 
the nuclear DNA, we estimated the contam- 
ination with the software hapCon (93), which 
is based on detecting polymorphic sites on 
the X chromosome of male individuals. The 
estimation of contamination was performed 
only in three individuals meeting the inclusion 
criteria (XY assignment and > 0.02x on the X 
chromosome). Estimates with hapCon are re- 
ported in Table S1 and were lower (< 1%) than 
the ones estimated with the mitochondrial 
genome (1-2%) (table S2). 


Y-chromosome haplogroup inference 


Y chromosome genotype calling and haplo- 
group assignments were made as reported in 
(94). Genotype calling was performed sampl- 
ing one random base at each site of the Y chro- 
mosome covered at least once, with ANGSD 
(-dohaplocall 1 -doCounts 1 -r chrY: -minMinor 
0 -maxMis 4). Then, haplogroup assignments 
were made using the phylogenetic tree of Y 
chromosome single nucleotide polymorphisms 
constructed from the 1000 Genomes Project 
Phase 3, as in (94). The most derived haplo- 
group was assigned. 


Autosomal reference panels 


For analysis at a continental level, we con- 
structed a reference panel with modern popu- 
lations (Supplementary Table S5) that includes 
genetic information of: Yoruba (YRD, European 
genetic ancestry (CEU), and Chinese (CHB) 
from the 1000 Genomes Project Phase 3 
(37, 95), and available genome-wide informa- 
tion for Indigenous populations from Mexico 
previously published by the Simons Genome 
Diversity Project (SGDP) and the Human Ge- 
nome Diversity Project (HGDP) (78, 22). These 
genome-wide data were intersected using plink 
(96) with previously published reference panels 
of genotype information of Indigenous pop- 
ulations from Mexico (36), after masking non- 
Native American sites as in (97) and keeping 
individuals with > 85% genotype information 
(mind 0.15) and single-nucleotide variants 
(SNVs) with a minor allele frequency of 0.01 
(maf 0.01), and with a 90% genotyping rate 
(geno 0.1) using the software plink (96). The final 
reference panel includes genotype informa- 
tion of 576,409 SNVs from 596 individuals 
from 4 continental populations (YRI, CEU, 
CHB, and Indigenous from Mexico) (table S8). 

For the analysis within Mexico, we used the 
reference panel including only the Indigenous 
populations from Mexico (without the other 
three continental populations: YRI, CEU, and 
CHB) and keeping the individuals with >90% 
of Native American genetic ancestry. In total, 
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this reference panel included genetic informa- 
tion of 561,327 SNVs from 268 individuals 
(table S5). 

We also integrated our generated ancient 
genome-wide data with previously reported 
low-depth genomes (0.09 - 0.3 x) from three 
ancient Perictes from Aridoamerica reported 
in (1/4, 15), resulting in a total of 15 pre- 
Hispanic individuals from Mexico. Our analy- 
sis also included ancient genomic data from 
previous studies for 21 individuals from across 
the Americas (table S3) (14, 15,45, 46, 98-101). 


Pseudo-haploid calls 


Pseudo-haploid calls of the ancient genomic 
data were made for the positions included in 
the reference panel. This was done by ran- 
domly sampling one read (when more than 
one read covered the site) at each site present 
in the reference panel and keeping the ob- 
served base at that site ifit hada minimum 
base quality of 30. If only one read covered 
the site, the observed base was kept if it had 
a base quality above 30. Then, the calls were 
turned into homozygous genotypes. Similarly, 
for the genotype data in the reference panel, 
one allele was randomly sampled at heterozy- 
gous sites and turned into a homozygous 
genotype. For downstream analyses, we kept 
ancient individuals with 0.01x genome-wide 
coverage (table SI), all having > 4650 SNVs 
intersected with the reference panel. 


Relatedness inference 


Relatedness between ancient individuals from 
the same site was assessed using READ (102). 
A normalization step with a panel of non- 
related individuals is required previous to 
estimating the relationship in the ancient 
individuals, this step was performed with all 
Nahuas from the reference panel as they are 
the biggest group in the reference panel. Then, 
the normalization value was used to run READ 
with the ancient individuals. Two individuals 
from Toluquilla (833C_TOL_a and 333B_ 
TOL_a) were identified as first-degree rela- 
tives. Thus, the one with the highest coverage 
(333B_TOL_a) was used for downstream an- 
alyses. Furthermore, individuals E4_CdV_b 
and E8_CdV_b were identified as second- 
degree relatives, as well as E7_CdV_b and 
E19_CdV_b. 


ADMIXTURE analysis 


For each dataset analyzed with ADMIXTURE, 
one hundred replicates were run with ran- 
domly generated seed values and calculating 
the cross-validation error with parameter -cv. 
The run with the best likelihood for each k 
was plotted using pong software (103). A first 
ADMIXTURE (33) analysis was carried out on 
the genotype reference panel including Indig- 
enous individuals from Mexico and the three 
continental populations (YRI, CEU, and CHB) 
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and k=2 through k=9 to identify present-day 
Indigenous individuals with <90% Native 
American genetic ancestry. We found k=4 to 
be the k with the lowest mean cv error (fig. 
S8A), separating YRI, CEU, CHB, and Native 
American genetic ancestry. The run of k=4 
with the best likelihood was chosen and the 
Indigenous individuals with <90% Native 
American genetic ancestry were removed from 
the panel. A second ADMIXTURE analysis 
was carried out with only the present-day 
Indigenous populations with >90% Native 
American genetic ancestry, from k=2 to k=8, 
being k=2 the one with the lowest cv error 
(fig. S8B) and separating populations with 
northern and southern ancestries. Then, a 
third ADMIXTURE run was carried out in- 
cluding the present-day Indigenous popula- 
tions and pre-Hispanic individuals (Fig. 3). 


Missing DNA PCA 


Missing DNA PCA (mdPCA) is a principal com- 
ponent analysis that corrects for genotypes 
missing due to genetic ancestry masking or 
degradation in ancient DNA samples. The 
correction is performed by comparing genetic 
distances between all samples. The genetic 
distance is computed as the average number 
of pairwise differences (pi as defined in (104). 
The manual of the method and the description 
of the parameters can be found in the mdPCA 
GitHub repository https://github.com/AI-sandbox/ 
mdPCA. The dataset included 15 ancient sam- 
ples (12 from this study and 3 Periciies pre- 
viously published) and the reference panel 
including present-day Indigenous individuals 
from Mexico. Genotyping data in plink format 
was converted to an unphased VCF format 
with Plink version 1.90 beta (96). The method 
used this VCF file as an input with the fol- 
lowing parameters: each individual was plot- 
ted as an average of both parental haplotypes 
(AVERAGE _PARENTS=True), weights for each 
individual were used inversely proportional to 
the number of samples from the correspond- 
ing population (IS WEIGHTED=True), the 
simple weighted of covariance PCA without 
any optimization was used (METHOD=1), no 
genotype was masked based on local genetic 
ancestry calls IS_MASKED=False), and only 
the three first PC's were calculated (NUM_ 
DIMS=3). Individuals with <0.15x whole ge- 
nome coverage (19,851 SNVs or less) were fur- 
ther down-weighted to 0.1x to avoid having 
the principal components be selected based on 
noise variance stemming from these samples. 
These included BC30, MOM6_ST_a, 11R_R_b, 
E4_CdV_b, E7_CdV_b, E19_CdV_b, E2_Mich_b, 
and E4_Mich_b. 


Principal component analysis 


We performed principal component analyses 
(PCA) using smartpca from the software 
eigensoft v6.0.1 (34) and projecting the indi- 
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viduals (Isqproject: YES) on the PCs estimated 
for the modern populations. The PCA (fig. S7) 
with only the ancient individuals as well as 
the present-day Indigenous populations from 
Mexico, only included present-day individuals 
masked and with >90% Native American ge- 
netic ancestry. 


Temporal factor analysis 


Temporal aactor analysis (TFA) (38) were run 
with the reference panel that includes only 
the Indigenous populations from Mexico. The 
ancient samples included in the TFA con- 
sisted exclusively of individuals from Mexican 
territory from this study with >1x genome- 
wide coverage: one individual from Sierra 
Tarahumara (F9_ST_b), and three from Tolu- 
quilla (2417Q_TOL_b, 2417J_TOL_a, and 333B_ 
TOL_a). Genotyping data was manipulated 
with Plink version 1.90 beta (96). The dataset 
was converted from Plink format to Eigen- 
strat's geno format with the command con- 
vertf from Eigensoft version 6.0.1.1 (34). Missing 
genotypes were imputed with the snmf func- 
tion from the LEA package, using the param- 
eters K=2, entropy= TRUE, and repetitions=5. 
The runs with the lowest cross-entropy value 
were considered for posterior steps. Genotypes 
were corrected according to the autosomal 
coverage depth of each sample. We assigned 
the average depth from the HGDP dataset 
mentioned in the publication: 35X (22) (table 
S8). We assigned the respective coverage read 
depth for all 11 individuals from the Simons 
Genome Diversity Project (78) (table S8).Mod- 
ern samples genotyped with microarrays (36) 
did not have a coverage depth value as they 
represent a different technology without se- 
quencing reads, therefore, we assigned the 
maximum value from the dataset to all micro- 
array samples, i.e., 56.19X. TFA was applied to 
these imputed and corrected genotypes with 
the following parameters: lambda = 5e-1, and 
K=2. Imputation, coverage correction, TFA, 
and the manipulation of the genotyping mat- 
rix in geno format were performed with R 
version 4.0.2. Variance explained by lambda 
did not change considerably across logarith- 
mic values, thus we chose the default lambda 
value 5e-1. We plotted factor 1 and 2 as nega- 
tive when required to match geography and 
facilitate the comparison between TFA plots 
(fig. S10). 


Outgroup f3 and D statistics 


To estimate each pre-Hispanic individual's ge- 
netic relatedness with a particular pre-Hispanic 
or present-day Indigenous population, we 
performed outgroup f3 statistics using ADMIX- 
TOOLS v5.0 (44). Outgroup f3 was calculated 
in the form (Test, Sourcel; YRI), where the 
“Test” is the pre-Hispanic individual under an- 
alysis, and Sourcel being another pre-Hispanic 
individual or present-day Indigenous popula- 
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tion. We used all YRI from the 1000 Genomes 
Project (37, 95) as an outgroup population. 
Assuming there was no admixture in the tree, 
the f3 value is proportional to the shared ge- 
netic drift between Test and Sourcel. 

We performed D statistics using ADMIXTOOLS 
v5.0 (44) to identify whether a pre-Hispanic 
individual had higher genetic affinities with: 
i) other pre-Hispanic individuals from the same 
archaeological site than to pre-Hispanic in- 
dividuals from other sites; or ii) a specific 
present-day indigenous population than to 
other present-day population. D values were 
computed in the form (Pop1, Pop2; Test, YRI). 
The “Test” refers to the pre-Hispanic indi- 
vidual under analysis, while Pop1 and Pop2 
were all possible combinations between pre- 
Hispanic individuals and present-day Indige- 
nous populations. Under the null hypothesis, 
Test individual would be equally related to 
Pop! and Pop2, and we expect no significant , 
deviations from D=0. Significant D<0O indi- 
cates closer relation between Test individual 
and Pop2. Moreover, a significant D>0 indi- 
cates closer relation between Test individual 
and Popl. Only absolute values of Z-score > 3 
were considered as significant (which corre- 
sponds to a p-value of ~ 0.0027). 


Population continuity test between F9_ST_a and 
present-day Raramuri 


According to the PCA, TFA, ADMIXTURE, 
outgroup-f3 and D statistics, individual F9_ 
ST_a from north Mexico is significantly closer 
to present-day Raramuri. Thus, we analyzed 
whether individual F9 belonged to the pres- 
ent-day Raramuri ancestral population using 
the method published in (39). Derived alleles 
in individual F9 and present-day Raramuri 
were identified using ancestral alleles' infor- 
mation from (ftp://ftp.1000genomes.ebi.ac.uk/ 
voll/ftp/pilot_data/technical/reference/ancestral_ 
alignments). Then, allele counts were per- 
formed for each site in the present-day 
Raramuri (reference population), excluding 
alleles with frequency 0 or 1. We performed 
allele counts for the pre-Hispanic individual F9. 
Parameters alpha and beta necessary for the 
analysis were estimated using min_samples = 
14, which refers to the minimum number of 
individuals required in the reference panel 
that have information for each SNV. Under 
the null hypothesis, it is assumed that refer- 
ence population and ancient individual belong 
to a continuous population, rejection of the 
null hypothesis would mean no population 
continuity. 


qpGraph 

We used the qpGraph tool of the ADMIXTOOLS 
v5.0 software package (44) to construct ad- 
mixture graphs and test which various models 
of demographic history best fit the data. We 
applied different models according to the 
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analysis: (i) For the model of population con- 
tinuity, we used the 11,500-year-old USR1 (45) 
as the surrogate for ancient Beringian, 10,700 
year-old Anzick (46) individual as the surro- 
gate for ancestral Southern Native American 
(SNA) (4), and the 4200 year-old Ancient 
Southwestern Ontario individual (ASO) (75) as 
the surrogate for Northern Native American 
(NNA) (74). Gi) For the admixture model for 
Central Mexico populations, the base model 
included the pre-Hispanic populations, Anzick 
(46) individual as the ancestral SNA (14), 
present-day Athabascan as the representative 
for NNA (/4), and present-day Indigenous 
populations in Mexico representing the north- 
ern (Konkaak), central (Nahua from Puebla), 
and southern (Triqui) regions. (iii) For UpopA 
we used the different models described in 
main text and (17). pre-Hispanic individuals 
were added to each model in various combi- 
nations to test the fit. The following param- 
eters were applied: outpop (NULL), diag 
(0.0001), hires (YES), blgsize (0.05), and 
Isqmode (YES). A worst fitting f statistical test 
of z-score > 3 is set as a threshold for model 
rejection. 


qpWave 


We used qpWave version 410 (44) to test 
whether pre- and post-drought Sierra Gorda 
(SG) individuals could be modeled using either 
SG individuals or other ancient or modern 
Mexican indigenous population relative to a 
set of reference groups (Mbuti, Onge, USR1; 
Papuan, Anzick, Han, Mixe, MAI, Zapotec, 
Karitiana, Piapoco) as in (05). In order to max- 
imize the power for this test we increased 
the number of SNVs to 2,224,359k transver- 
sion sites ascertained in 1KGP and having a 
5% MAF. Present-day human sequencing data 
from HGDP genomes (22) was used to repre- 
sent Mexican indigenous genetic variation. 
With these data, we tested whether we could 
model the genetic variation of pre (2417Q_ 
TOL_b) and post-drought Sierra Gorda (2417J_ 
TOL_a and 333B_TOL_a) individually, using 
as a source either another Sierra Gorda indi- 
vidual or another Mexican indigenous popu- 
lation. For the latter case we used as references 
the pre-Hispanic individual F9_ST_a, and 
Pericties, along with present-day Akimel O’ 
odham and Mayan. If pre- and post-drought 
Sierra Gorda individuals arise from different 
demographic histories to each other, then 
when analyzed together it would be required 
to add one or more different sources of genetic 
variation to explain the data, which would be 
denoted by a p-value < 0.05. We also performed 
qpWave analysis with the panel of Indigenous 
populations from Mexico reported in (36) to 
increase the number of populations, though at 
the cost of reducing the number of overlap- 
ping sites. Results are consistent with those 
obtained using the HGDP Akimel O'odham 
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and Mayan in that post-drought genetic var- 
iation can be explained with pre-drought ge- 
netic variation, suggesting genetic continuity. 
However, using the Moreno-Estrada reference 
panel resulted in a low number of overlapping 
SNVs for the qpWave analysis and, conse- 
quently, some p-values could not be computed 
by the program (e.g., when using the pre and 
post-drought samples as both target (Pop1) 
and sources (Pop2) (table S18). 


Conditional nucleotide diversity 


CND, a relative measure of genetic diversity, 
was estimated by genetic pairwise compar- 
ison of the genomic positions that are variable 
in African individuals (40). For these compari- 
sons we grouped the individuals per archeolog- 
ical site. This analysis included 16 pre-Hispanic 
individuals (Pericies, Sierra Tarahuamara, Sierra 
Gorda, Canada de la Virgen and Patagonia) 
with at least 10,000 SNVs overlapping between 
them (tables S11 and S12) and present-day 
populations from Mexico (8, 22). 

This consists of counting the differences be- 
tween the ascertained alleles present in one 
pair of individuals from the same population. 
For this analysis, we used a panel of 1,938,919 
transversions SNVs with a minor allele fre- 
quency of 0.01 in the YRI population. In all 
cases, pseudohaploid genotype calls were per- 
formed before the comparisons. CND values 
were calculated for all pairs of individuals for 
each present-day Indigenous population and 
for all pairs of pre-Hispanic individuals within 
the same site. For present-day populations we 
masked the sites with no Native American ge- 
netic ancestry to avoid counting levels of di- 
versity from a different genetic ancestry. Mean 
and standard error values were estimated 100 
times using a window size of 50 Kb even for 
pairs of ancient individuals. Results are re- 
ported in a violin plot, where each dot inside 
the violin corresponds to the CND value for a 
unique pair of individuals (fig. S19). 


Runs of homozygosity 


We used the tool hapROH (47 to detect runs 
of homozygosity in pre-Hispanic individuals. 
The distribution of ROHs was used as an in- 
direct way of measuring genetic diversity and 
effective population size. This method detects 
the ROH’s lengths longer than four centimor- 
gans (cM) and up to 300 cM. The sum of the 
ROH detected gives insights into the related- 
ness of the parents of each individual and 
informs about population sizes. Length of ROH 
and relatedness between parents are positively 
correlated. While the higher the number of 
ROH segments, the smaller the population 
size and the smaller the number of hetero- 
zygote sites, which means less genetic diver- 
sity. hapROH uses a built-in set of 1240K SNVs 
from to perform pseudohaploid genotype calls 
and a reference panel of 5,008 present-day 
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human haplotypes from (37). We performed a 
pseudohaploid variant calling for the 1240K 
SNVs for each pre-Hispanic genome. hapROH’s 
manual recommends using samples with a 
minimum of 400K SNVs intersected with the 
1240K SNVs. However, we also included 
the individual E8_CdV_b, which intersected 
369,504 SNVs, and the Perici individual B03, 
which intersected 370,026 SNVs, to have at 
least one individual of these sites in the an- 
alyses and considering the number of SNVs is 
not too far from 400K (table S13). Detection of 
runs of homozygosity was made using the set 
of 5,008 haplotypes mentioned above. 
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Magnetic field reversal in the turbulent environment 
around a repeating fast radio burst 


Reshma Anna-Thomas**+, Liam Connor**+, Shi Dai>°7+, Yi Feng®+, Sarah Burke-Spolaor**+, 
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Fast radio bursts (FRBs) are brief, intense flashes of radio waves from unidentified extragalactic sources. 
Polarized FRBs originate in highly magnetized environments. We report observations of the repeating FRB 
20190520B spanning 17 months, which show that the FRB’s Faraday rotation is highly variable and twice 
changes sign. The FRB also depolarizes below radio frequencies of about 1 to 3 gigahertz. We interpret these 
properties as being due to changes in the parallel component of the magnetic field integrated along the line of 
sight, including reversing direction of the field. This could result from propagation through a turbulent 
magnetized screen of plasma, located 10° to 100 parsecs from the FRB source. This is consistent with the 
bursts passing through the stellar wind of a binary companion of the FRB source. 


ast radio bursts (FRBs) are millisecond 
flashes of radio waves (7) from distant gal- 
axies. Their emission mechanism, sources, 

and local environments are not well un- 
derstood. The magnetization and den- 

sity of astrophysical plasmas along the line 
of sight (LOS) between an FRB source and 
Earth modify the FRB’s polarization proper- 
ties and can provide constraints on the source’s 
local environment. The observed properties of 
FRBs have provided insight into their poten- 
tial origins, such as the identification of highly 
magnetized and variable plasma environments 
around FRBs (2-4), detection of FRB-like bursts 
from a nearby magnetar (5, 6), and finding 
temporal structure in FRB bursts similar to 
that of radio emission from the Crab Pulsar (7). 
The repeating FRB 20190520B has been lo- 
calized to a dwarf galaxy at redshift z = 0.241 + 
0.001 (8). FRB 20190520B has a sustained high 
repetition rate [at 1.2 GHz, above a fluence of 
9.3 mJy ms (where mJy is the millijansky, equal 
to 10° Wm” Hz")] of Ry scr, = 45/12 hour”. 
It is colocated with a compact persistent radio 
source (PRS), and the host galaxy makes a large 
contribution to the electron column density 
along the LOS. The integrated electron col- 


umn density 7,(2) along the LOS distance / is 
quantified by the dispersion measure (DM), 
which is defined as DM = Ine (2) dl. For FRB 
20190520B, the DM is larger than the expected 
contributions from the foreground Milky Way 
and the intergalactic medium (IGM), which 
dominate the DMs of most other FRBs (9). 
The rest-frame contribution of the host gal- 
axy to the DM of FRB 20190520B has been 
estimated as DMpost = 902795, pc cem™ (8, 10) 
(where pc is the parsec, equal to 3.08 x 10"° m). 
This is about an order of magnitude larger 
than is typical for FRB hosts, implying a large 
number of free electrons in the local environ- 
ment of the FRB source (12). 

FRB 20190520B has several similarities with 
the repeating FRB 20121102A (12, 13): Both are 
located in dwarf galaxies with low abundances 
of heavy elements, and both are associated with 
a PRS. Faraday rotation is a change in the po- 
larization direction of a linearly polarized radio 
wave as it propagates through a magnetized 
plasma (/4). The amount of Faraday rotation 
integrated along the LOS is quantified by 
the rotation measure (RM), given by RM = 
[e? / (2nm2c*) |{n.(2)By(1)al, where By is the 
component of the magnetic field parallel to the 


9 


LOS, ¢ is the charge of an electron, c is the s]_ Chee 
of light and ™m, is the mass of an electron. liegehe i 
20121102A has a high RM (2), but the RM of FRB 
20190520B has not previously been determined. 


Bursts observed from FRB 20190520B 


We conducted polarimetric observations of 
FRB 20190520B (located at right ascension 16° 
02™ 04°.266, declination +11°17'17".33, J2000 
equinox) using the 100-m Robert C. Byrd Green 
Bank Telescope (GBT) and the 64-m Parkes 
Radio Telescope (also known as Murriyang). 
The GBT observations used the 1.1 to 1.8 GHz 
(L-band) receiver on 17 September 2020 and the 

4 to 8 GHz (C-band) receiver on 14: September 
2020 (hereafter epoch 1), 19, 23, 27, and 31 March 
2021 (epoch 2), and 4 November 2021 (epoch 3), 
in coordinated universal time (UTC). The obser- 
vations totaled 6.5 hours at L-band and ~20 hours 

at C-band (15). The Parkes observations were 
performed fortnightly from 5 April 2021 to . 
23 January 2022 by using the Ultra-Wideband 
Low (UWL) receiver, which covers 704 to 
4032 MHz (16). We performed a threshold-based 
search for bursts in these data, including a 
search of frequency subbands to find spectrally 
narrow-band bursts (75). In total, we found nine 
bursts in the GBT L-band data, 16 bursts in the ‘ 
GBT C-band data, and 113 bursts in the Parkes 
data (between ~1600 and 4032 MHz), with each 
having a signal-to-noise ratio (S/N) = 10. We 
performed polarimetric and flux calibration * 
on each detected burst data segment (75). 

The burst profiles and spectrograms of 
12 bursts are shown in fig. S2, and the prop- 
erties of all the 13 bursts with polarization 
detections are listed in table S2; DM and po- 
larization upper limits for all other bursts are 
reported in table S3. We designate the Parkes 
bursts with polarization detections as P1 to P8, 
sorted by their modified Julian dates (MJDs), 
and the GBT C-band bursts with polarization + 
detection as Cl, C2.1, C2.2, C3.1, and C3.2, ‘ 
where the first number indicates the epoch of 
the GBT observation and the second indicates 
the order of the burst arrival time. The detected 
bursts are spectrally narrow banded, as has been 
seen for other repeating FRBs (17-19), and some 
pulses have a time-resolved substructure. The av- 
erage detected burst bandwidths are 350 MHz 
in the GBT L-band, 850 MHz in the GBT C-band, 
and 750 MHz in the Parkes UWL data. 
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Fig. 1. Observed time- and 
frequency-dependent prop- 
erties of FRB 20190520B. 
(A) The rest-frame RM 
measured for FRB 201905208. 
The pink shaded region indi- 
cates 0 rad m-@. (B) The DM 
variation of FRB 20190520B 
over a 17-month period. In 

(A) and (B), error bars indicate 
lo uncertainties but are mostly 
smaller than the symbols. 

(C) The polarization fraction 
of FRB 20190520B as a func- 
tion of observed frequency, 
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L-band (blue), GBT C-band 
(black), and Parkes UWL 
(red) data. Solid symbols are 
detections, and open symbols 
with downward-pointing 
arrows are 30 upper limits. 
Only the most constraining 
upper limits are shown 

at each frequency for clarity. 
Numeric values for all bursts 
are listed in table S3. 
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We analyzed the Stokes parameters of the 
radio waves to determine the linear polariza- 
tion fractions and RMs of each burst (15). We 
found that the polarization of FRB 20190520B 
is time- and frequency-dependent and that the 
RM is also variable (Fig. 1). The RM detections, 
which we determined by maximizing the linear 
polarization fraction (15), are shown in Fig. 2. 
After removing the Faraday rotation, five GBT 
C-band bursts and eight UWL bursts have 
fractional linear polarization (L/D (where L is 
the linear polarization and J is the total in- 
tensity) in the range of 15 to 80%. Only one 
burst (C2.1) had detectable fractional circular 
polarization, with V/J (where V is the circular 
polarization) of -42 + 7%. No L-band bursts 
had detectable polarization, with the brightest 
burst having an upper limit of L/I < 9%. We 
estimate that the L-band data had sufficient 
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frequency resolution to recover RMs up to 
10° rad m”’, so this nondetection is not due to 
instrumental depolarization (15). The spectro- 
gram and the profile of three bursts that dem- 
onstrate depolarization toward low frequency 
are shown in Fig. 3. The low linear polarization 
in the L-band is therefore an intrinsic property 
of the FRB, as is the variable polarization in the 
C-band and across the UWL band. These prop- 
erties could be due to the emission mechanism 
at the source, propagation of the bursts through 
an intervening plasma screen, or a combina- 
tion of the two effects. 

For the 13 bursts with detected polarization, 
we measured RMs ranging from -2.4 x 10* rad 
m in the observer’s frame (corresponding to 
-3.6 x 10* rad m™~ in the source frame) to +1.3 x 
10* rad m™ in the observer’s frame (+2.0 x 
10* rad min the source frame). The foreground 
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5000 6000 


Milky Way contribution to the RM in this di- 
rection is expected to be small, -9.84 + 12.64 rad 
m~ (20). We observed RM variability on week- 
long timescales of around +300 rad m~ day and 
similar average variability on 6-month time- 
scales. The largest inter-epoch rate of RM change, 
dRM/dt = -444 rad m~® day’, occurred be- 
tween 8 June and 19 June 2021. 


Comparison with other sources 


The range of RM we measured for FRB 20190520B 
spans—in a single target—the full range of neg- 
ative and positive RMs observed for all pulsars 
in the Milky Way (Fig. 4). Although the max- 
imum absolute RM value for FRB 20190520B is 
three times lower than that of FRB 20121102A, 
their peak-to-peak variations are of similar 
size. The fractional change in RM for FRB 
20190520B is much larger, but this implies 
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Fig. 2. Variability of RM in bursts from FRB 20190520B. The normalized linear polarization fraction is shown as a 
function of RM, for eight bursts. The maximum value of linear polarization determines the RM at the time of each 
burst. Each trace shows the measurement from a different burst (on MJDs listed in the legend), sorted by date, with 
arbitrary offsets. Only one burst per day is shown, for clarity. The burst notation on the right axis is discussed in the text. 


that both FRBs are located in magnetized 
plasma environments with similar properties. 
However, the RM of FRB 20190520B crosses 
zero, requiring an additional environmental 
change to allow sign reversals. The frequency- 
dependent polarization fraction change for 
FRB 20190520B indicates multipath depolar- 
ization, whereas the fractional RM change and 
the sign reversals require changes in the LOS 
magnetic field—either because of rapid reorien- 
tation of a bulk material or integrated changes 
due to turbulence. 
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The Galactic source with the most similar RM 
variability to FRB 20190520B is PSR B1259-63 
(Fig. 4), a pulsar that is periodically eclipsed 
by its binary star companion (27). Both FRB 
20190520B and PSR B1259-63 have RM var- 
iations that cross zero. This indicates a re- 
versal in the integrated LOS magnetic field 
orientation, in addition to variation in the elec- 
tron density or magnetic field strength. The 
time-dependent variations of RM (in both sign 
and magnitude) in PSR B1259-63 have been 
attributed to passage of the radio pulses through 
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a clumpy decretion disk around its binary star 
companion during the closest part of their orbit, 
causing depolarization (22). The pulsar’s DM 
rose by around 20 pe cm”? over a few days just 
before the eclipse part of its orbit. 

We also compared FRB 20190520B with other 
FRBs, pulsars, and a magnetar that exhibit RM 
variations (supplementary text). 


Dispersion measure 


Whatever the cause of the RM variations, if 
J,edl along the LOS contributes to the RM 
magnitude changes for FRB 20190520B, there 
should be an accompanying DM change. We 
therefore sought to quantify the DM vaiabil- 
ity, although this is complicated by the “sad 
trombone” effect (23), in which FRB pulse 
structures sweep downward in frequency as a 
function of time, as is visible for some bursts 
of FRB 20190520B shown in fig. S3. We there- 


fore inspected the brightest pulses (detection . 


S/N > 20) using a DM measurement tech- 
nique that maximizes the structure in the 
burst (15), in addition to visual inspection of 
pulses with substructures. We measured a 
ADM range of 10 to 15 pc cm”, although the 
associated uncertainties prevent us from de- 
termining whether these vary in a system- 
atic way (15). Assuming that the changes in 
DM and RM arise from the same medium, 
we calculated the average LOS magnetic field 


ARM/(10# rad m~2) 
as By = 1.2 eae mG ~ 3to6 mG. 


This calculation assumes a fully turbulent me- 
dium, for which the ADM of a plasma screen is 
approximately equal to the average DM con- 
tributed by that screen. For comparison, for 
FRB 20121102A the lower limit range on the 
average magnetic field is 0.6 to 2.4 mG (2). 


Interpretation of the magnetized environment 


We interpret FRB 20190520B’s properties as 
being due to propagation of the radio waves 
through a dense, turbulent magnetized region, 
as discussed in previous work (24). We con- 
sider two alternative scenarios—large-scale 
magnetic reorientations of a discrete object 
along the LOS, or an origin in a larger region 
of the host galaxy (such as the LOS passing 
through a spiral arm)—to be implausible be- 
cause of the large variations and rapid time- 
scales involved. We do not explore potential 
explanations intrinsic to the FRB emission 
mechanism; although those are possible, the 
observed properties can be produced by a prop- 
agation model, which we regard as a simpler 
explanation (supplementary text). In our pre- 
ferred scenario, the polarization, RM, and DM 
are imparted by the burst passing through a 
region dominated by bulk magnetization, with 
that region being made up of subeddies or 
filamentary structures that cause time vari- 
ability in the integrated LOS magnetic field 
or electron density. 
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Fig. 3. Depolarization toward low frequencies. Spectrograms and normalized 


polarization profiles are shown for three bursts observed at different frequencies. 


(A) The GBT C-Band (4.8 GHz) burst that has the highest linear polarization 
percentage we observed. (B) An example Parkes UWL (3.2 GHz) burst, which 
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shows a small linear polarization fraction. (©) An example GBT L-Band (1.6 GHz) 
burst, which shows no detectable linear polarization. In (A) to (C), the black, 
red, and blue lines indicate the Stokes |, linear polarization L, and Stokes V 
measurements, respectively. 


Fig. 4. Comparison of FRB 20190520B to 
the RMs and DMs of pulsars, magnetars, 
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Multipath depolarization and large RM var- 
iability can be produced by turbulent dynamic 
and dense magneto-ionic plasma environments 
(24). However, the magnitude of those effects— 
and therefore whether they can be detected in 
observations—depends on the physical param- 
eters of the plasma screen. The observable ef- 
fects are determined by the characteristic size 
of turbulent eddy regions; the screen depth; 
and the relative velocities of the FRB source, 
bulk screen, and internal eddies. Using a sim- 
ple model for propagation through such a tur- 
bulent plasma screen (/5), our measurements 
of FRB 20190520B constrain the screen to 
locations between 10° and 100 pc from the 
FRB source, and the screen’s free electron den- 
sity to between 5 x 10° and 2 cm”, respectively. 
These results would cover a broader range if 
the LOS DM variation is substantially lower 
than we infer (/5). A previous model of FRB 
20121102A (2), assuming electron temperature 
Te = 10° K, found that its foreground plasma 
screen has an electron density n,. = 10” cm 
and thickness Ly = 1 pc, which is similar to 
the upper limit on the size of the associated 
PRS. Higher electron temperatures could in- 
crease the thickness to Lpy = 100 pc (2). 

We considered several scenarios that could 
explain such environmental turbulence local to 
an FRB source. Informed by the similar prop- 
erties of PSR B1259-63, we explored a binary 
model in which the LOS to FRB 20190520B 
passes close to the surface of a companion star, 
so the radio propagation is affected by the 
magnetization and turbulence of its stellar 
wind. In this scenario, the star provides the 
bulk magnetization that causes the broad range 
in RM, while the turbulent stellar wind causes 
the rapid RM swings (15). The distance to the 
plasma screen is then approximately the sep- 
aration between the two objects. Taking d = 
10° pe, the required electron density is n. = 5 x 
10° cm”, which could be provided by a stellar 
mass loss rate of M ~ 3 x 10-8$Moyear™ (where 
Moz is the solar mass, equal to 2 x 10*° ke) and 
wind velocity v,, ~ 10? km s“ (15). These values 
are consistent with those observed for mas- 
sive stars (25). As a check, we applied the same 
model to the PSR B1259-63 system (supple- 
mentary text) and derived properties that 
are consistent with previous studies (27). 

If the binary wind scenario is correct, we 
expect there to be an underlying periodicity 
to the observed properties (a rise and fall of 
the RM variability envelope, DM variability 
range, and average DM), equal to the orbital 
period. During times when the LOS to the 
FRB source does not pass close to the star, we 
expect the RM value to stop varying and set- 
tle at an ambient value, reflecting the bulk 
magnetization of the host galaxy. This effect 
has been observed for the pulsars PSR B1259-63 
and PSR B1744-24A (26, 27) and other FRBs 
with RM variability (3, 4). 
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We also considered alternative models of a 
shocked neutron star wind, or an FRB source 
close to an intermediate mass black hole, but 
we regard both scenarios as unlikely (supple- 
mentary text). 


Implications for other sources 


Although the RM variations and host DM of 
FRB 20190520B are unusual, they do not nec- 
essarily indicate that it is an unusual FRB source. 
FRB 20190520B appears to have a burst rate 
and burst substructures that vary with time, 
which is consistent with other repeating FRBs, 
and has similar energy scales to those of other 
FRBs (8, 28). It is possible that repeating FRBs 
have a common source type but vary in local 
conditions (such as in binary orbital period, 
eccentricity, phase, or inclination). 

Previous studies have proposed a connec- 
tion between the emission cycles seen in some 
repeating FRBs and a binary orbit (29-31). If 
our model is correct, the observed properties of 
the FRB constrain the binary configuration and 
some properties (n,, magnetic field strength) of 
the stellar wind. 
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Human adaptation to diverse biomes over the past 


3 million years 


Elke Zeller'2*, Axel Timmermann’?, Kyung-Sook Yun", Pasquale Raia’, Karl Stein’°, Jiaoyang Ruan*? 


To investigate the role of vegetation and ecosystem diversity on hominin adaptation and migration, 
we identify past human habitat preferences over time using a transient 3-million-year earth 
system-biome model simulation and an extensive hominin fossil and archaeological database. Our 
analysis shows that early African hominins predominantly lived in open environments such as grassland 
and dry shrubland. Migrating into Eurasia, hominins adapted to a broader range of biomes over 
time. By linking the location and age of hominin sites with corresponding simulated regional biomes, 
we also find that our ancestors actively selected for spatially diverse environments. The quantitative 
results lead to a new diversity hypothesis: Homo species, in particular Homo sapiens, were specially 


equipped to adapt to landscape mosaics. 


omo sapiens is the only surviving hominin 

species today, and it is largely unknown 

whether this is because our species was 

uniquely successful at adapting to the 

strongly fluctuating Pleistocene environ- 
mental conditions (7), because we outcompeted 
other species (7-3) through increased birth- 
rates or cognitive or social abilities, or because 
we outlived other Homo species by chance (4). 
To address Homo species' adaptation to envi- 
ronmental change (5-8) and extremes (9), we 
need to understand the connection between 
hominins and their ecological environment. 
This includes hominins’ preferences for spe- 
cific vegetation types, their tolerance to changes 
in biotic and climatic conditions, how such 
preferences and tolerances evolved, and their 
use of, adaptation to, and specialization toward 
different types of ecosystems. 

Identifying the time-evolving habitat pref- 
erences of hominins using observational data 
alone is virtually impossible. With few ex- 
ceptions, information on past vegetation and 
ecosystem changes near archaeological sites is 
sparse. Pollen data, leaf wax, and isotope re- 
constructions from terrestrial, lacustrine, or 
marine archives (J0O-14), which can provide 
valuable information on past vegetation and 
biome changes, are too limited in space and 
time to obtain a complete large-scale picture 
of how Homo species exploited environmental 
variation and responded to fluctuations in 
climate and available vegetation type. To over- 
come this limitation, various climate model 
simulations have been used to quantify the 
effect of orbital-scale changes in temperature, 
precipitation, and net primary productivity (NPP) 
on human migration and habitats (4, 15-17). 
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We examine the evolving linkage between 
hominins and different regional (mega-) biome 
types, from tropical forest to savanna to tundra 
and deserts, which depend on specific combi- 
nations of climatic factors, soil properties, and 
atmospheric CO, concentrations. We aim to 
determine the preferred environmental condi- 
tions of the different hominin species, ascer- 
tain whether their biome preferences changed 
in time and diversity over the Pleistocene, and 
identify potential regional environmental drivers 
of hominin adaptation. Studying biome pref- 
erences gives us a new perspective on how 
hominins have adapted to landscape changes, 
and how they exploited their habitats and food 
resources. 

To this end, and to provide deeper insights 
into the adaptation patterns of the earliest 
members of our genus Homo, we extended our 
previously conducted quasi-transient 2-million 
years (Myr) Community Earth System Model 
(CESM version 1.2) simulation by another 1 Myr 
(7, 18). Monthly precipitation, temperature, 
and percent sunshine data from the 3-Myr 
simulation—which experiences changes in or- 
bital insolation (79), greenhouse gases and, 
icesheet extent (20)—were subsequently used 
to force the offline equilibrium BIOMF4 veg- 
tation model (27) at 0.5° resolution (22). BIOME4: 
translates climate conditions and estimates 
of CO, forcing (20, 23) into 28 biomes, which 
are clustered into 11 megabiomes (table S2). 
The proxy-validated global 3 Myr climate and 
vegetation model simulations (figs. S1 to S4) 
(22) were then used to extract biome and NPP 
data for 3232 fossil and archaeological sites 
(17), compiled for 6 different Homo species 
(A. habilis, H. ergaster, H. erectus, H. heidelbergensis, 
H. neanderthalensis, and H. sapiens) (Fig. 1). 
The hominin database used here attributes 
well-dated fossil remains and identifiable ar- 
chaeological artifacts to different hominin 
species. This species attribution is naturally 
prone to uncertainties because (i) there is no 
universally accepted paleo-anthropological spe- 


cies definition and (ii) different hom 


0 


Chec 


species or even hybrids could have used be 


ilar tools (77, 24). These uncertainties have 
been discussed previously, and their effect on 
calculations of large-scale hominin habitat 
preferences has been shown to be relatively 
minor (17). 


Climate and vegetation changes over the 
past 3 Myr 


To better understand how Pleistocene climate 
variability affected biomes and NPP, we first 
elucidate the response of the climate system 
and global vegetation to Milankovié cycles and 
long-term shifts in atmospheric CO, concen- 
trations (fig. S1, A and B). The simulated glacial/ 
interglacial global temperature variations (fig. 
S1C)—primarily caused by the prescribed orbital- 
scale CO, variations in our model—have am- 
plitudes of 7 to 8°C over the Late Pleistocene, 
are in good agreement with a transient simu- 
lation conducted previously with the CLIMBER 
intermediate complexity earth system model (20), 
and are slightly weaker than proxy-based paleo- 
temperature reconstructions (fig. S1C) (25) for 
at least the past ~0.8 Myr (8 to 9°C). The global 
mean temperature variations are linked to 
global mean precipitation changes through 
the Clausius-Clapeyron relation, thus having a 
direct and indirect impact on global mean NPP 
in the offline forced BIOME4 model (fig. SID). 
Even though globally aggregated vegetation 
characteristics are controlled mainly by global 
mean temperature variations, the relationship 
between orbital-scale forcings (Milankovié cy- 
cles, greenhouse gases, and icesheet effects) 
and vegetation is much more complex on re- 
gional scales (figs. S5 and S6). For instance, we 
find strong eccentricity-modulated preces- 
sional variability in northern Africa's expan- 
sion and contraction of grasslands and desert 
areas (fig. SSE). For low values of the preces- 
sion index (northern summer perihelion; fig. 
S1A), the amplitude of the Northern hemi- 
sphere seasonal cycle of insolation increases, 
which leads to increased Northern Hemi- 
spheric summer rainfall, a northward expan- 
sion of grasslands, and a contraction of the 
Sahara desert, in qualitative agreement with 
paleo proxy data and other model simulations 
(26, 27). This process has been suggested to 
play a key role in creating green corridors, 
which may have supported multiple trans- 
continental migration events of archaic humans 
(5, 28). Migration from Africa into Eurasia 
exposed archaic humans such as H. erectus, 
H. heidelbergensis, and early H. sapiens to 
new environmental conditions and ecosystems. 
According to our BIOMF4: simulation, eastern 
African tropical forests gradually turned into 
grasslands during the early- to mid-Pleistocene 
(fig. S5E), which had clear implications for 
hominin migration and evolution. In con- 
trast to the idea that this trend was caused 
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by Pleistocene aridification (29, 30), we find 
only a weak negative rainfall trend over eastern 
Africa (fig. S2C), which indicates a more com- 
plex response of vegetation in this area to a 
variety of climate and biogeochemical drivers 
including CO, fertilization (fig. S7 and table 
83). The CO, fertilization effect would affect 
C4 plants (e.g., savanna grasses) less than C3 
plants because the latter exhibit a less efficient 
photosynthetic pathway (31-33). The simu- 
lated gradual vegetation changes, forced by 
orbital forcing and CO, changes, are impor- 
tant in understanding how archaic humans 
have adapted to their environment. 

On a continental scale, our simulation re- 
veals considerable changes in biome types 
(figs. S5 and S6). In Africa a gradual decrease 
of savanna and dry woodland in northern 
Africa and an expansion of grassland and 
dry shrublands in southern Africa occurred. 
Superimposed on the long-term trend are 
orbital variations on timescales of 20 thou- 
sand years (kyr) and ~100 kyr, which inten- 
sified after the Mid-Pleistocene Transition 
(MPT) ~1 million years ago (Ma) as a result of 
the increased amplitude of temperature and 
rainfall variability (fig. S1, C and H). In Asia 
the steady planetary cooling due to decreasing 
CO, concentrations and the expansion of the 
Northern Hemisphere ice sheets caused an ex- 
pansion of tundra and grassland areas during 
glacial periods and a contraction of boreal and 
tropical forests. In Europe a massive increase 
in the latitudinal range of tundra, boreal forests, 
and grassland—at the expense of temperate 
forests—occurred following the MPT. Overall, 
the increasing frequency of cold climates through- 
out the Pleistocene led to an expansion of open 
biomes. This trend could have facilitated the 
migration of archaic humans, requiring adap- 
tation to a broader range of environments. 


Preferred biome types of hominins 


Although early hominin species during the late 
Pliocene and early Pleistocene (~3 to 2 Ma) 
might have benefited from open grasslands 
to exploit more accessible migration routes, 
the diversity of biomes experienced by later 
species might have given them the upper edge 
in terms of range expansion. To demonstrate 
this point, we extracted the biome types for 
the geographic coordinates and age estimates 
provided in the hominin database (17, 34). The 
resulting species-stratified biome histograms 
(Fig. 2) for the fossil and archaeological sites 
document that the habitats of both H. habilis 
and H. ergaster were predominately located 
in savanna and grassland areas (78 and 73%, 
respectively; table S1), in agreement with re- 
gional paleoclimate evidence (35). In contrast 
with the earlier African species, H. erectus— 
who left Africa no later than 1.8 Ma—selected 
for a much more diverse suite of habitats, with 
58% of the sites associated with temperate or 
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Fig. 1. Locations of hominin species. Anthropological and archaeological sites used in this study, 
corresponding to H. habilis (A), H. ergaster (B), H. erectus (C), H. heidelbergensis (D), H. neanderthalensis (E), and 
H. sapiens (F). Age estimates in ka (1000 years ago) are indicated in colored shading. 


tropical forest and 38% with grassland and 
savanna regions. More recent species such as 
H. heidelbergensis and H. neanderthalensis 
were able to adapt to colder habitats, with 
8 and 11.3% of their occurrences falling in the 
boreal forest biome, respectively. This post- 
MPT adaptation to cold environments is as- 
sociated with the northward expansion of 
these species (36) (Fig. 1). H. sapiens man- 
aged to settle in extreme environments, in- 
cluding previously less occupied biome types 
such as tundra and desert (Fig. 2), revealing 
H. sapiens as a “generalist specialist” (9). 
This ability to occupy even extreme habitats 
suggests the acquisition of advanced, unpar- 
alleled cognitive abilities (36), which is con- 
sistent with reported changes in brain shape 
(8), more sophisticated technologies, and 
the transition from Middle to Upper Paleo- 
lithic toolmaking traditions around 0.05 to 
0.03 Ma (3). 

Overall, our hominin/biome occurrence anal- 
ysis (Fig. 2) suggests a bimodal structure for 
habitat openness preferences. Early African 
hominins and Neanderthals appear to have 
preferred either open or closed habitats, where- 


as other species favored mixed conditions. Our 
analysis suggests that H. habilis and H. ergaster 
mostly lived in savanna/dry-woodland and 
grassland/dry-shrubland. H. neanderthalensis 
became a temperate forest dweller, prefer- 
ring closed environments (37, 38). According 
to our results, Neanderthals exhibited only 
limited capability to adapt to cold-climate open 
biomes such as tundra. This finding, along 
with the simulated Late Pleistocene biome 
variability (figs. S5 and S6), also suggests that 
Neanderthals went through a massive con- 
traction of their habitat during glacial max- 
ima, forcing them to settle in the warmer and 
more forested Mediterranean region, in agree- 
ment with recent studies (39, 40). This is also 
seen when comparing the spatial density of 
specimens found in deep glacial periods with 
those from interglacial periods (fig. S8, A and B). 
Our data suggest that in contrast to early African 
Homo and H. neanderthalensis, H. erectus and 
H. heidelbergensis were able to settle in both 
open and closed biomes. Diversifying their 
habitats translated into their much wider 
expansion across Eurasia. Subsampling of 
H. sapiens data (fig. S9, M to P) by matching 
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Fig. 2. Biome preferences by hominin species. Biome preferences were calculated by taking an age- 
weighted average of the biome occurrences at the grid point closest to the hominin specimen: H. habilis 
(A), H. ergaster (B), H. erectus (C), H. heidelbergensis (D), H. neanderthalensis (E), and H. sapiens (F). Fossil 
occurrences with uncertain species attributions are included in their respective species groupings (22). 
The number in the biome preferences represent megabiomes: 1, Tropical forest; 2, Warm-temperate forest; 
3, Temperate forest; 4, Boreal forest; 5, Savanna and dry woodland; 6, Grassland and dry scrubland; 

7, Desert; 8, Dry tundra; 9, Tundra; 10, Barren; 11, Ice. Abbreviations in the color bar are as follows: trop, 


tropical: temp, temperate; dec, deciduous; for, forest. 


the number of observations of older species 
continues to show the wide range of occupied 
biomes. Therefore, the variety in occupied 
biomes is not due to larger sample size but 
rather is a clear demonstration of H. sapiens’ 
ecological plasticity. 

The documented diversification of biomes 
occupied by each hominin species over time 
(Figs. 2 and 3) could be a byproduct of range 
expansion into different areas or the conse- 
quence of gradual acclimatization to changes 
in climate and available vegetation types, or 
a combination thereof. The former would 
represent an adaptation to different biomes 
driven by migration, whereas the variability 
selection hypothesis, which highlights the 
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role of regional adaptation to temporal envi- 
ronmental variability (6, 7, 41), could achieve 
the latter. To test for the influence of the tem- 
poral evolution of biomes on the presence or 
absence of hominins in different areas, we ran- 
domized the hominin presence data in time 
through bootstrap resampling (22), keeping the 
specimen locations the same, and repeated our 
biome preference analysis. If hominins adapted 
regionally to varying biomes without migrating, 
the original and time-shuffled analysis should 
yield the same results. For H. neanderthalensis 
and H. sapiens we find significant differences 
in specific biome preferences (P = 0.03 and P = 
10°, respectively, using Fisher’s exact test) (22) 
(fig. S9, E, F, K, and L). Therefore, the exact 


temporal biome trajectory might have played 
a role in determining where members of these 
species lived. The large age uncertainty around 
the fossil occurrences of older species, which 
often spans a full glacial cycle, and the corre- 
sponding reduced temporal localization could 
translate into insignificant differences rela- 
tive to the time-shuffled biome trajectory. Re- 
peating the time shuffling with H. sapiens 
data that was subsampled to match the other 
hominin group samples sizes, while maintain- 
ing the narrower age uncertainties, showed 
more significant results (fig. S9, M to T), in- 
dicating that the nonsignificant results for 
early species were likely due to the large age 
uncertainties. 

To determine the temporal evolution of 
hominin biome preferences on a continental 
scale, we further calculated the time-evolving 
ratios of the individual biomes in Africa, 
Europe, and Asia (Fig. 3) at the hominin sites. 
The main biome preference in Africa is the open 
environment (grassland and savanna). None- 
theless, we also find occasional episodes of 
tropical and temperate forest occurrences. 
Given that the mean biome types across Europe 
(59% temperate and 14% boreal forest) are quite 
distinct from those in Africa (49% of the land 
area is found occupied by savanna/dry wood- 
land or grassland/dry shrubland), we also ex- 
pect a different time evolution of regional 
habitat preferences. From 1.8 Ma onward, a 
gradual trend in biome preferences from open 
grassland to temperate forests occurred. In 
certain areas, biome preferences were further 
modulated by glacial cycle variability during 
the post-MPT period (fig. S10). More specifically, 
we find that after 600 ka, the fraction of Euro- 
pean temperate and warm-temperate forest 
dwellers correlates with regional temperatures 
(fig. S10, C and D), suggesting that hominins 
migrated in response to the climate and veg- 
etation changes they experienced. For other 
time periods and regions, the correlation is 
less robust, which could be explained by in- 
creasing age uncertainties, smaller sample 
size, and/or reduced climate-induced mobil- 
ity of earlier hominins. 

We further examined biome preferences for 
overlapping species along possible ancestor- 
to-descendant lines (22). Our analysis reveals 
significant biome differences only for the 
African H. heidelbergensis and H. sapiens pair 
(fig. S11), consistent with the notion of a major 
shift in the resource exploitation mode, po- 
tentially driven by speciation dynamics (42). 


Humans as diversity seekers 


To further characterize the environmental pref- 
erences of hominins, we derive a biome diver- 
sity metric (22) that characterizes the number 
of different biome types nearest to a hominin 
site. If hominins preferentially lived in regions 
with a variety of biomes, then the biome 
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Fig. 4. Environmental preferences of early hominins. (A) Student's t-value of 
differences in regional biome diversity at hominin sites and grid points in 
surrounding circles with increasing radii (fig. S14). Higher t-values indicate larger 
deviations from zero and stronger evidence for hominin selection for higher 
spatial biome diversity values. The t-values are calculated for the original data, 
spatially shuffled data (between 50°N, 142°E, 45°S, and 17°W), and temporally 
shuffled values to test for the effect of spatial and temporal preferences (random 
location, random time). We also tested datasets with different hominin age 


1000 


0.4 
Biodiversity 


0.6 0.8 1.0 


uncertainties and species attributions (single date 1 and single date 2) (22) 
(fig. S13). Histograms of present-day mammal richness (B) (49) and biodiversity 
index computed from mammal, bird, and vascular plant richness (C) (43) for 
corresponding points with low biome diversity (blue) and high biome diversity 
(brown). For the low (1) and high (4) biome diversity cases the normalized 
histograms (bars and kernel density estimate in solid line) shift from low to high 
mammal richness and biodiversity in terms of mean value (diamond) and median 
value (triangle). 


diversity metric should be higher closer to 
hominin sites than within the larger sur- 
rounding areas (fig. S12 for illustration). To 
test whether this hypothesis holds, the value 
of biome diversity at hominin sites was sub- 
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tracted from the surrounding grid points 
within circles of increasing radii (fig. S13) 
and those differences were weighted by the 
age uncertainty (fig. S14) (22). Subsequently, 
the differences for all sites were aggregated 


and the Student’s ¢-value was used to measure 
the deviation of the mean of the subsequent 
distribution from zero. Comparison of the 
hominin site values to those in an increasing 
circle (Fig. 4A) reveals increasing ¢-values, 
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which implies that hominins on average pre- 
ferred regions with higher spatial biome di- 
versity. Repeating our ¢-value analysis with 
randomly selected hominin locations in Africa 
and Eurasia, between 50°N, 142°E, 45°S, and 
17°W, we find major differences with respect 
to the original data, thereby confirming that 
hominins did not choose their whereabouts at 
random. Shuffling the data in time, we see 
smaller differences with respect to the original 
data, which suggests that the exact temporal 
evolution played less of a role in selection com- 
pared with spatial biome diversity. Our analy- 
ses (movies S1 to S3, Fig. 4, and figs. S13 and 
S15) clearly illustrate that hominins lived in 
areas with multiple biome types in close prox- 
imity, suggesting that hominins preferred 
landscape mosaics rather than uniform envi- 
ronments. We repeated the ¢-value analysis for 
NPP (figs. $15, C and D, and S13, G to L) and 
found similar behavior: hominins preferred 
regions with locally high NPP. 

Furthermore, using modern biodiversity es- 
timates previously derived by combining mam- 
mal, bird, and vascular plant richness data 
(43), we find a connection between biome di- 
versity and this particular measure of bio- 
diversity (Fig. 4, B and C, and fig. S16). Taken 
together, our findings suggest that human 
species were actively seeking out more abun- 
dant (figs. S15, C and D, and S13, G to L) and 
diverse food resources (Fig. 4A) in regions 
with higher ecosystem diversity (Fig. 4C). Using 
a relationship between densities of histori- 
cal hunter-gatherer populations (44) and our 
calculated preindustrial biome diversity (fig. 
S16, I to L) as a proxy for the past, we propose 
that diverse landscapes may have also sus- 
tained larger hominin populations, serving as 
hotspots for cultural innovation and playing 
an important role in genetic diversification (44). 

The derived inclination of humans toward 
landscape mosaics and their ability to adapt 
to regionally diverse vegetation conditions has 
not been shown before at continental scales, 
leading us to propose the diversity selection 
hypothesis: Homo species, and H. sapiens in 
particular, were specially equipped to exploit 
heterogeneous habitat conditions. Such het- 
erogeneity, which correlates to high plant 
and vertebrate richness in current ecosystems 
(Fig. 4, B and C), may have conferred hominin 
resilience to environmental perturbations by 
providing a wider and more stable resource 
base (44). Here we suggest that behavioral 
and cultural plasticity may have allowed hu- 
mans to exploit habitat diversity and diverse 
food resources. 

Several single-site studies have alluded to the 
fact that hominins may have favored heteroge- 
neous habitats (45-47), leading to the formulation 
of the microhabitat variability hypothesis (48). 
Combined with our large-scale results, we con- 
clude that Pleistocene hominins selected for 
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increasing regional biome heterogeneity. We 
acknowledge that temporal variability selection 
(6) may have been present in specific regions 
and time periods. However, our analysis does 
not reveal any statistically robust continental- 
scale linkage between where hominins lived 
and temporal changes in orbitally driven veg- 
etation variance. 

Our data-based diversity selection hypoth- 
esis may also add context to our more recent 
human history. According to our analysis, our 
genus Homo has adapted over the Pleistocene 
and migrated to areas with higher landscape 
diversity. Utilizing resources from various 
biomes provided a resilient and successful 
strategy over hundreds of millennia. How- 
ever, during the Anthropocene, our species 
has caused a massive decline in global eco- 
system diversity due to land use practices, 
gradually shifting away from integrated agri- 
cultural practices and toward monocultures. 
Modern humans have clearly taken an un- 
precedented path away from our ancestors’ 
resilience and diversity-based strategies. 
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La- and Mn-doped cobalt spinel oxygen evolution 
catalyst for proton exchange membrane electrolysis 


Lina Chong’, Guoping Gao“, Jianguo Wen?, Haixia Li?, Haiping Xu’, Zach Green’, Joshua D. Sugar®, 
A. Jeremy Kropf’, Wenqian Xu®, Xiao-Min Lin?, Hui Xu*, Lin-Wang Wang”, Di-Jia Liu’”* 


Discovery of earth-abundant electrocatalysts to replace iridium for the oxygen evolution reaction (OER) 
in a proton exchange membrane water electrolyzer (PEMWE) represents a critical step in reducing the 
cost for green hydrogen production. We report a nanofibrous cobalt spinel catalyst codoped with 
lanthanum (La) and manganese (Mn) prepared from a zeolitic imidazolate framework embedded in 
electrospun polymer fiber. The catalyst demonstrated a low overpotential of 353 millivolts at 10 
milliamperes per square centimeter and a low degradation for OER over 360 hours in acidic electrolyte. 
A PEMWE containing this catalyst at the anode demonstrated a current density of 2000 milliamperes 
per square centimeter at 2.47 volts (Nafion 115 membrane) or 4000 milliamperes per square centimeter 
at 3.00 volts (Nafion 212 membrane) and low degradation in an accelerated stress test. 


ow-temperature water electrolysis can 
rapidly produce environmentally sus- 
tainable, or green, hydrogen and is a 
prospective means of storing energy from 
renewable but intermittent power sources, 
such as wind and solar, in future clean energy 
infrastructure (J-4). Commercial systems use 
either liquid alkaline electrolyte or proton ex- 
change membrane electrolyte (7). Compared 
with the alkaline counterpart, a proton ex- 
change membrane water electrolyzer (PEMWE) 
offers the advantages of higher current density, 
higher H, purity, lower resistance losses, and 
more compact design, rendering it a preferred 
technology where high efficiency and small 
footprint are essential (/, 2). Working under 
the acidic and oxidative environment, how- 
ever, adds substantial challenges to the catalyst 
activity and stability profile. This is particularly 
the case for the anode catalyst because of the 
high overpotential for oxygen evolution reac- 
tion (OER) (3). At present, OER catalysts for 
PEMWE are primarily restricted to the plat- 
inum group metal (PGM) materials, such as 
IrO, (J). Their high cost and limited reserve, 
however, pose substantial barriers to the wide- 
spread implementation of PEMWE. Low-cost 
transition metals and their oxides are known 
to be active toward OER in alkaline electrolyte 
(4-6), but their demonstration in acidic elec- 
trolyte is very limited (J, 7, 8). 
Cobalt molecular and oxide compounds have 
emerged as promising OER catalysts for water 
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splitting in recent years (9). Kanan and Nocera 
systematically investigated water oxidation 
using a catalyst deposited from Co** solution 
in pH 7 phosphate buffer (10). Gerken et al. 
performed a comprehensive mechanistic study 
of cobalt-catalyzed water oxidation from homo- 
geneous to heterogeneous phases in electrolyte 
over a broad pH range of 0 to 14 (11). Those 
studies have provided profound understanding 
of electrocatalytic oxygen evolution by cobalt. 
More recently, thin film spinel-type CoO, was 
found to be active toward OER and stable at 
low overpotential in acid (72). The activity and 
stability of Co oxide were improved substan- 
tially when modified with iron, manganese, 
antimonite, and PbO, (13-15). In addition to 
activity and stability, the inherent conductivity 
represents an essential requirement for ef- 
ficient OER electrocatalysis to overcome the 
insulating properties of most transition metal 
oxides in their crystalline form. Conventional 
carbon supports, used to facilitate the elec- 
tron conductivity, are not stable against oxi- 
dation to CO, at the PEMWE anode under 
OER operating potential. For example, a Co- 
polyoxometalate composited with carbon paste 
achieved a lower OER onset potential than 
IrO, in 1 M sulfuric acid but decayed quickly, 
presumably as a result of oxidative corrosion 
of the carbon (/6). Self-conductive oxide cat- 
alysts can also enhance the active -site volu- 
metric density without being diluted by a 
secondary nonactive support. A recently devel- 
oped self-healing OER catalyst has demon- 
strated excellent activity and durability in 
acidic electrolyte (14). The approach, however, 
requires the presence of metal precursors in 
the aqueous electrolyte, hindering integration 
into a PEMWE. Most of the aforementioned 
studies were carried out either in half-cells or 
aqueous electrolyzers, where the demands for 
OER catalyst stability and conductivity are 
different from those in a PEMWE. For exam- 
ple, the dissolved transition metal concentra- 


tion must be minimized to avoid poisoning 


0 


Chec 


proton exchange membrane in the PEM... 
Effective OER for PEMWE requires optimal 
interfacial properties, microporosity, and sur- 
face catalytic activity (1), all of which need to be 
validated in the operating electrolyzer. 

In this work, we present a cobalt spinel- 
based OER catalyst derived from a zeolitic 
methyl-imidazolate framework (Co-ZIF) and 
processed by electrospinning. The catalyst 
demonstrated excellent OER activity ben- 
efiting from its high specific surface area, 
porous interconnected nanonetwork structure, 
and high conductivity. 


Design of an acid-stable cobalt OER catalyst 


Our design concept of an efficient cobalt 
spinel-based OER catalyst for PEMWE anodes 
is based on the following rationale: To en- 
hance OER activity in acid, an oversized and 


more stable second element can be selectively , 


introduced to the cobalt oxide surface to 
generate strain, oxygen vacancy (V,), and acid 
tolerance (17); to improve the oxide electronic 
conductivity, a third element with similar 
charge and dimension to cobalt may be in- 
corporated inside the lattice to bridge the 
Fermi bandgap through d orbital partial oc- 
cupation of the third element induced by its 
d-electron delocalization. Advancing further 
from the rotating disk electrode (RDE) or half- 
cell study to a membrane electrode assembly 
(MEA) demonstration, the catalyst should 
have a high porosity and surface area easily 
accessible to the reactant (H,O). Meanwhile, 
the electrode layer should be effective in trans- 
porting H,O and releasing O, without blocking 
the water-catalyst interface. Furthermore, the 
oxide catalyst should be self-conductive with- 
out the need for another conductive support, 
such as carbon, that is unstable under high 
OER operating potential and current density. 
Finally, the metal oxide should be stable against 
oxidative and acidic (pH 2 to 4) corrosion in 
the PEMWE environment. 

We selected Co-ZIF as the precursor for the 
catalyst preparation because of its high intrin- 
sic porosity and reticular structure. It has re- 
cently been used to prepare a nanoplate oxide 
with excellent OER activity tested in strong 
alkaline electrolyte (1 M KOH) using the RDE 
method (78). Our catalyst preparation through 
low-temperature oxidation partially retained 
the porosity and morphology of Co-ZIFs after 
their conversion into interconnected hollow 
metal oxide particles, providing an excellent 
platform for enhanced charge and mass transfer. 
Among different elements that we screened, 
we selected lanthanum (La®*) as the second 
element because of its much larger radius 
compared with that of Co”* (1.06 A versus 
0.72 A) along with its strong affinity to bind 
—OH groups at the surface of cobalt oxide. We 
also added manganese ions (Mn?*) of similar 
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Fig. 1. Synthesis, morphology, and structure of LMCF. (A) Schematics of 
LMCF synthesis including formation of Co-ZIF embedded PAN polymer fiber by 
electrospinning and thermal oxidative activation to produce interconnected 
porous cobalt oxide particles after removing all the organics. The background 
SEM images show a cross-linked, ZIF-containing fiber nanonetwork produced by 
electrospinning and the interconnected porous oxide after the activation. 

(B) SEM image (scale bar, 1 um). (©) HAADF-STEM image (scale bar, 500 nm). 
(D) TEM image (scale bar, 200 nm). (E) HRTEM image (scale bar, 5 nm). 


radius to Co”* (0.8 A versus 0.72 A) during the 
Co-ZIF synthesis, which would be oxidized to 
Mn** (0.72 A) during the oxidative conversion 
and uniformly distributed inside the cobalt 
spinel lattice to promote conductivity (via 
bandgap) and OER activity (via affinity OH 
or H group). The catalyst synthesis scheme is 
shown in Fig. 1A. Briefly, La- and Mn-doped 
Co-ZIF, LaMn @Co-ZIF, was prepared in solu- 
tion. Powder x-ray diffraction (XRD) combined 
with scanning electron microscopy (SEM)- 
energy dispersive x-ray spectroscopy (EDX) 
elemental mapping confirmed the successful 
incorporation of atomic La and Mn into the 
structure and cavity of the Co-ZIF (fig. S1). 
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The LaMn @Co-ZIF was then suspended in a 
polyacrylonitrile (PAN) polymer slurry (LaMn@ 
Co-ZIF/PAN) (19), which was subsequently 
electrospun into a fibrous mat. The nanofiber 
embedded with individual LaMn @Co-ZIF was 
activated in flowing air at 360°C for 6 hours to 
remove the organic components, forming La- 
and Mn-codoped porous cobalt spinel fibers 
(denoted LMCF). Thermogravimetric analysis 
(TGA) confirmed the removal of carbon and 
nitrogen in LMCF after oxidative activation 
(fig. $2). The SEM image of LMCF shows an 
interconnected nanofibrous network mor- 
phology with ample macropores in between 
the entwined nanofibers (Fig. 1B). High-angle 


(F to H) STEM image and the corresponding La and Mn distributions 

(scale bar, 2 nm). The color bars show the element counts. The maximal counts are 
321 for La and 142 for Mn. (1) HRTEM image (scale bar, 0.5 nm). The green dots 
represent atomic columns of tetrahedral (T) and octahedral (0) oxygens, and the red ¢ 
dots represent the cobalt atomic columns simulated based on bulk phase inside 
lattice. The dotted yellow ellipses (on surface) show a different orientation compared 
with the solid yellow ellipses from the simulation (in bulk), suggesting a shift of 
oxygen position as a result of lattice relaxation. 


annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) revealed 
that individual LMCF particles retained the 
original Co-ZIF’s rhombic dodecahedral shape, 
aligned and fused together in strings after 
oxidation (Fig. 1C). The ZIF-shaped LMCF 
particle is highly porous with a hollow struc- 
ture composed of nanopores, as shown by 
transmission electron microscopy (TEM) (Fig. 
1D). Each particle is composed of aggregates of 
Co30, nanocrystallites, with an average size of 
~3.5 nm, determined by aberration-corrected 
high-resolution transmission electron micros- 
copy (HRTEM) (Fig. 1E and fig. S3). Nitrogen 
adsorption measurement of LMCF at 77 K 
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Fig. 2. XAS study of LMCF. (A to C) Fluorescence XANES spectra collected at 
Co K-edge (A) (inset: enlarged pre-edge 1s — 3d transition), Mn K-edge (B), 
and La L-edge (C) under ex situ (LMCF) and operando conditions at different 
potentials. Co304, CoO, Mnz03, MnO2, and LasO3 are used as the references. 


provided a Brunauer-Emmett-Teller (BET) 
specific surface area (SSA) of 197 m? g! and 
a pore volume of 0.463 cm? g"? (fig. $4). The 
high porosity of individual LMCF particle com- 
bined with nanofibrous morphology improves 
accessibility of reactants to the catalytic sites 
and facilitates water-oxygen mass transport in 
and out of the catalyst structure—an essential 
attribute for high-OER current density. XRD 
and Raman spectroscopy confirmed that the 
catalyst exhibited a spinel Co3O0,4 structure of 
slightly expanded lattice and higher Co*/Co?* 
ratio (fig. S5C and table Sl). STEM images 
showed that the individual crystal surface is 
dominated by (111) facets, and electron energy- 
loss spectroscopy (EELS) elemental mapping 
revealed La localization on the surface, with 
Mn distributed mainly in the bulk (Fig. 1, F to 
H, and fig. S6). Low-magnification EDX ele- 
mental mapping disclosed a uniform distribution 
of Co, Mn, La, and O in LMCF, and inductively 
coupled plasma optical emission spectrome- 
try (ICP-OES) determined an atomic ratio of 
Co:Mn:La of 80:12:8 (fig. S7 and table S3). 
HRTEM imaging revealed that the LMCF lat- 
tice surface was terminated by oxygen atoms 
in a relaxed state, with positions shifted from 
those inside the crystallite (20) due to V, (Fig. 
1I and fig. $8), an important attribute in low- 
ering the OER activation energy and stab- 
ilizing the intermediate during the reaction 
(7, 21). We also measured LMCF conductivity 


Chong et al., Science 380, 609-616 (2023) 


12 May 2023 


) 


6.54 6.56 6.58 


Energy (KeV) 


E 
18 Mn K-edge 
16 —1.23V 
is | tov 
= —1.02V 
= 10 
“4 
* «8 
6 
4 ~ 
2 me y \4 
ofVV 1 oY 
0 1 2 3 4 5 6 
R (A) 


using the four-probe van der Pauw method for 
comparison with IrO, and commercial Co30,. 
The LMCF conductivity was found to be 8.6 
times as high as that of commercial Co30, and 
about two-thirds that of IrO, (fig. S9). 

The electronic configuration and the coor- 
dination structure of Co, La, and Mn in LMCF 
were investigated using x-ray photoelectron 
spectroscopy (XPS) (fig. SIOA and table S4) 
and synchrotron x-ray absorption spectroscopy 
(XAS). The high-resolution O 1s XPS spectrum 
confirmed the presence of high V, concentra- 
tion in LMCF (fig. S11A). The Co 2p XPS spec- 
trum revealed a higher ratio of Co**:Co** in 
LMCF compared with that in Co3O, (fig. SIIB). 
The x-ray absorption near-edge structure 
(XANES) spectrum at the Co K-edge (LMCF) 
shows a very similar spectral pattern to that 
of Co30, with a slightly red-shifted absorp- 
tion energy and a decreased white line (WL) 
intensity (Fig. 2A), indicating a lower aver- 
age oxidation state and a smaller O coordina- 
tion number (CN) to cobalt in LMCF, which 
agrees well with the Raman and XPS results. 
We also observed an enhanced 1s — 3d tran- 
sition peak intensity, which reveals that the 
cobalt in LMCF is in a less centrosymmetric 
coordination environment than that in Co304, 
suggesting a distorted Co oxide lattice by V,. 
Compared with Co3;0,, the LMCF extended 
x-ray absorption fine structure (EXAFS) shows 
lower peak intensities and CNs corresponding 
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(D and E) R-space EXAFS spectra at Co K-edge (D) and Mn K-edge (E) of the 
same samples. (F) Co-O bond distances (blue line) and DWF (red line) surround 
Co derived from EXAFS data taken at different cell potentials. Error bars represent 
the uncertainty of Fourier transformation of the experimental EXAFS data. 


to Co-O and Co-Co shells (Fig. 2D, fig. S12, and 
table S5), which further supports a less de- 
veloped lattice with a high concentration of V, 
from smaller particle size and higher Co?* 
(tetrahedral O-coordinated) fraction in LMCF. 
XANES at the Mn K-edge indicates that the 
average manganese oxidation state is between 
+3 and +4 (Fig. 2B). Both K-space and R-space 
spectra extracted from EXAFS exhibit signifi- 
cant differences from that in Mn oxide ref- 
erences (Mn30,4, Mn2O3, and MnO.) (fig. $13, 
B and C). R-space fitting determined the CNs 
of Mn to O and Mn to Co to be 5.5 + 0.4 and 
7.2 + 0.3, respectively (table S5). Most no- 
ticeably, the first and second shell radii and 
CNs are close to those of Co-O and Co-Co(on) 
in Co30,4 (Fig. 2E and tables S5 and S6) 
instead of Mn-O and Mn-Mn paths in Mn 
references, including Mn3;0,4, Mn2Os, and 
MnO, (fig. S13B). These observations provide 
convincing evidence that the Mn substitutes 
for the Co®* at the edge-sharing octahedral 
site and is embedded inside the cobalt oxide 
matrix in LMCF, in agreement with the HAADF- 
STEM result. The Mn** in the lattice is known 
to enhance OER activity of the oxide in acid 
(22). The XANES spectrum of La in LMCF 
shows significantly higher WL intensity than 
that of the La,O, reference (Fig. 2C). Given 
that the WL intensity for oxides is generally 
proportional to the number of coordinated 
oxygens, R-space fitting determined the CN 
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of La to oxygen in LMCF to be 8.3, which is in 
between that of lanthanum oxide (CN = 6) 
and hydroxide (CN = 9) (fig. S14). 


Electrocatalytic activity in solution 


We first evaluated the OER catalytic activity of 
LMCF using the RDE method in 0.1 M HClO, 
electrolyte (pH = 1). To better understand the 
effects of the second and third elemental 
doping, we also prepared Co30, fiber (CF) 


A 
p Cc 
i= i 
6 -—LMCF 
< — Ir black 
z 
2 
7 
c 
o 
Ss 
~~ 
c 
® 
= 
5 
Oo 
1.0 1.2 1.4 1.6 1.8 
E (V) vs. RHE 
D 
$ 
= 
Ww 
0 50 100 150 200 250 300 
Time (h) 
G 
= | AA 
S THESES oP a 
() Z 
s —— Ist cycle 
xe} ——— 500th cycle 
2 —1000th cycle 
S ——2000th cycle 
— 5000th cycle 


—10000th cycle 


0.10 0.20 0.30 
Current Density (A cm?) 


and La-doped Co30, fiber (LCF) using a sim- 
ilar Co-ZIF-electrospinning method. Commer- 
cial CoO, and Ir black were also studied as 
benchmarks. Figure 3A shows a progressive 
improvement of OER activity measured by 
cyclic voltammogram (CV) through the addi- 
tion of Mn and La in CF. The performance of 
LMCF also significantly exceeds that of com- 
mercial Co,0, and approaches that of Ir 
black. Figure 3B presents the mass activity 


1 10 4, 100 
Current density (mA mg") 


Reference 


1= 400 mA cm-? 


= 
fe) 
Oo 


Cell Voltage (V) 
3 


0 2000 


4000 6000 
Voltage Cycles 


8000 10000 


(MA) Tafel plot for LMCF together with the 
benchmark samples. LMCF again exhibits a 
high intrinsic catalytic activity. For example, 
LMCF catalyst shows a bulk MA of 126 + 20 Ag+ 
at an overpotential of 370 mV, which is higher 
than that of commercial Ir black (table $7). 
This is possibly because of a higher gravy- 
imetric catalytic site density of LMCF due 
to its lower molecular weight compared 
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Fig. 3. Electrocatalytic performance of LMCF. 
black, and commercial Co30, in O2-saturated 0.1 
loadings = ~260 + 30 wg cm, Ir black loading = ~230 + 30 yg cm”). (B) Tafel 
plots of LMCF, LCF, CF, Ir black, and commercial Co30q, with error bars of 

one standard deviation over four experimental replicates. (C) LSVs of LMCF 
measured by RDE before and after 14,000 voltage cycles in Oo-saturated 

0.1 M HClO, (with 95% iR correction). (D) Chronopotentiometric response at 
10 mA cm™ with LMCF catalyst loading of 0.9 mg cm™ over 353-hour test. 
(E) S number calculated for LMCF after different hours onstream compared 
with selected benchmark Ir-based catalysts. (F) Current-voltage polarizations 
(iR corrected and uncorrected) of the PEMWE cell with LMCF anodic catalyst 
compared with that of Ir black catalysts with different loadings at 80°C. The 


A) CVs of LMCF, LCF, CF, Ir 
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polarization plot for LMCF represents an average of three MEA measurements 
with one standard deviation. (G) Current-voltage polarizations of the PEMWE 
after selected cycle numbers during a multiple-voltage cycling AST. The inset 
shows the stepwise voltage swing between 1.4 V and 1.7 V with 10-s dwell time 
at each potential. (H) PEMWE cell voltage measured at different current 
densities after selected voltage cycles during the AST. (I) Potentiostatic 
measurement of PEMWE at the cell potential of 1.65 V for LMCF anodic catalyst 
over 100 hours. Test conditions: anode LMCF catalyst loading, 1 to 2 mg cm”; 
cathode Pt loading, 0.4 mgp; cm™*: 60° or 80°C cell temperature, unless 
otherwise specified; 5-cm? active electrode area; Nafion 115 membrane for 
(F), (G), and (H), and Nafion 212 membrane for (1); DI water at flow rate 

of 10 ml min”, 
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voltammetry (LSV) (Fig. 3C, with 95% 7R cor- 
rection) shows an onset potential of 1.28 V 
measured at 0.46 mA cm” and an over- 
potential of 353 + 30 mV at 10 mA cm ”. The 
LMCF catalyst activity was also measured in 
0.5 M H,SO, (pH = 0), and the overpotential 
was reduced to 335 + 30 mV at 10 mA cm” 
(fig. $15). These results placed LMCF among 
the most active PGM-free catalysts reported 
in aqueous acid (23) (table S2). We estimated 
the electrochemical surface areas (ECSA) of 
the catalysts by measuring the double-layer 
capacitance from the CV curves in the non- 
Faradaic region (fig. S16) and produced Tafel 
plots of the ECSA-based specific current den- 
sities (fig. S17). The intrinsic activities of LMCF 
were further assessed based on turnover 
frequencies (TOFs) at different overpotentials 
(320 mV, 370 mV, and 650 mV), which are 
among the highest when compared with rep- 
resentative PGM-free and PGM OER catalysts 
tested in various acidic media (table S8). For 
example, the TOF of LMCF is calculated to be 
0.079 + 0.011 s ‘ at an overpotential of 370 mV 
based on the total loading mass, which in- 
creases to 0.87 + 0.09 s- when calculated based 
on ECSA (table S7). We also analyzed O, prod- 
uced during OER over LMCF in a H cell using 
in situ gas chromatography (GC) and calculated 
the Faradaic efficiencies (FEs) for the oxygen 
produced at the current densities of 10 mA cm™, 
20 mA cm”, 30 mA cm”, and 50 mA cm” 
(fig. S18, A to C). An average FE of 99.3 + 5% 
was obtained, indicating that the oxygen for- 
mation through the four-electron transfer 
during water splitting is the only electrochem- 
ical reaction over LMCF. Ir was measured as 
reference, for which the FE was 97.0 + 5% 
(fig. SI8C). 

LMCF was subjected to an accelerated aging 
test through voltage cycling between 1.4 V and 
2.0 V versus reversible hydrogen electrode 
(RHE) by RDE in 0.1 M HC10, electrolyte. A 
mere ~20-mV potential loss at 10 mA cm? 
was observed after 14,000 CV cycles (Fig. 3C). 
Such stability was found to be better than 
that of commercial Co30, or Ir black at com- 
parable catalyst weight loadings (fig. S19). 
The morphology, composition, and electronic 
states of the LMCF after the voltage cycling 
were found to be nearly unchanged from the 
pristine state (fig. S20, A to E). Similarly, no 
appreciable changes in the XANES spectra of 
Co, Mn, and La were observed after the volt- 
age cycling (fig. S20, F to H). We further tested 
LMCF galvanostatic stability by holding the 
electrode current density at 10 mA cm~ for an 
extended operation period, following a test 
protocol (23, 24) (Fig. 3D). The change of 
electrode potential in acidic electrolyte was 
monitored over 353 hours, and a slow deg- 
radation at an average rate of 0.28 mV hour * 
was observed. Transient potential dips in Fig. 3D 
were the result of pauses of the measurement 
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while the electrolyte was refreshed. We also 
checked the metal contents in the electrolyte 
from acid leaching by performing ICP-OES 
under OER electrocatalysis. A mild loss of Co, 
Mn, and La ions by ~1.9 wt %, ~2.8 wt %, and 
~1.1 wt % over their stoichiometric loadings 
in the LMCF catalyst, respectively, in a period 
of 80 hours was observed during the chrono- 
potentiometry at 10 mA cm ® (fig. S21A). After 
an initial jump at the first hour, the metal 
dissolution rate decreased markedly afterward. 
Meanwhile, the catalytic activity remained 
nearly the same, which suggests that the 
dissolved metals could be attributed mainly 
to some loosely bound oxides at the surface. 
We also calculated the stability number (S 
number) for LMCF based on the amount of 
Co dissolved in the electrolyte at different 
testing times using the framework proposed 
by Geiger et al. (25) as well as the activity- 
stability factor (ASF) by Kim et al. (26). These 
values are compared with some of the Ir- 
based benchmarks in the literature, and the 
LMCF stability was found to be comparable 
to some less-stable Ir materials (Fig. 3E and 
fig. S21B). 


Electrocatalytic activity ina PEMWE 


The ultimate test of an OER catalyst is its 
performance in the operating PEMWE. Key 
properties, such as porosity, stability, and 
conductivity, become more important for the 
catalyst performance under the electrolyzer 
working conditions in comparison with the 
less-strenuous RDE measurements. The LMCF 
was assembled into the anode of a PEMWE 
single cell and tested using deionized (DI) 
water as the feed. Figure 3F shows composite 
current-voltage polarization curves derived from 
three measurements in the PEMWE. The elec- 
trolyzer reached a current density of 2000 mA 
cm” at a voltage of 2.47 V (2.20 V after cell iR 
correction), which could be further reduced to 
2.30 V by switching the membrane from Nafion 
115 to Nafion 212, and reached a current den- 
sity of 4000 + 200 mA cm” at 3.0 V (fig. S22). 
In comparison, PEMWEs with Ir loading at 
0.4 mgy, cm” and 2.0 mg}, cm” at the anode 
displayed cell voltages of 1.93 V and 1.78 V at 
2000 mA cm” before iR correction, respec- 
tively. Comparisons with other reported anodic 
catalysts are given in table S2 (14-16). 

The MEA with LCMF was also subjected to 
accelerated stress tests (ASTs) using voltage 
cycling, galvanostatic, and potentiostatic meth- 
ods. In the voltage cycling test, the PEMWE cell 
voltage was swept between 1.4 V and 1.7 V with 
a 10-s dwell time at each voltage (square-wave) 
up to 10,000 cycles. Current-voltage polariza- 
tion was recorded periodically after designated 
voltage cycles. Figure 3G shows the polarization 
curves recorded after the selected voltage cy- 
cles. Figure 3H demonstrates the iR-corrected 
PEMWE cell voltages at four different current 


densities (100 mA en, 200 mA cm, 300 mA cm, 
and 400 mA cm”) after each designated cycle 
number taken from the tests in Fig. 3G. Only 
small fluctuations in the cell voltage were 
observed between the first and the 10,000th 
cycles, suggesting excellent catalyst stabil- 
ity under such cycling conditions. After the 
voltage cycling, we conducted a galvanostatic 
test on the same MEA at incrementally increased 
current densities of 50 mA cm™”, 100 mA cm”, 
200 mA cm”, and 300 mA cm” over a 90-hour 
time span (fig. S23). The cell voltages re- 
mained nearly constant after each incremen- 
tal increase of the cell current until the last 
10 hours, when an increasing cell voltage was 
observed after the current density was raised 
to 300 mA cm”. We also conducted a separate 
potentiostatic test over another PEMWE with 
LMCF anodic catalyst at a cell potential of 
1.65 V for 100 hours (Fig. 31). A constant cell 
current density of ~210 mA cm? was observed, 
and the anodic effluent from the PEMWE was 
analyzed by ICP-MS. The cobalt dissolution 
gradually leveled off during the first 10 hours 
and became negligible thereafter (fig. S24). 
The S number calculated based on the disso- 
lution rate was found to be two orders of 
magnitude higher than that obtained from 
RDE (fig. S25A). The difference may be ascribed 
to the higher acidity of the electrolyte used in the 
RDE (pH = 1) relative to that at the MEA anode 
layer (pH = 2 to 4). A similar phenomenon was 
found in the study of RuO, catalyzed water 
oxidation (25). The lifetime determined by 
the S number suggests excellent durability of 
LMCF operated at the PEMWE (fig. S25B). 
The morphology and the surface structure of 
the catalyst were preserved after AST by RDE 
as well as by combined voltage cycling and 
galvanostatic tests in the PEMWE (fig. $26). 


Active -site analysis 


To understand the nature of the active site 
and the impact of the second and third metal 
doping, we performed in situ XAS of LMCF in 
an O,-saturated electrolysis cell (0.1 M HClO.) 
at the Co, Mn K-edge, and La-Ly, edge. Figure 
2A shows the XANES spectra at the Co K-edge 
under different OER operating potentials. At 
the onset potential of 1.23 V when OER has yet 
to commence, XANES already shows a decrease 
in WL intensity and an increase in pre-edge 
1s — 3d peak intensity compared with the 
spectrum of as-prepared LMCF, accompanied 
by a decrease of CN of the first Co-O shell (Fig. 
2D, fig. S12, and table S5). This signals oxygen 
loss and structural change as a result of in- 
teraction with the acidic electrolyte under the 
electric field, altering cobalt’s centrosymmetric 
coordination (symmetry breakdown) and elec- 
tronic structure (27). The CN is significantly 
lower than that in Co,0,, indicating a higher 
fraction of tetrahedral coordinated Co”* combined 
with higher concentration of Vj, which serves 
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as the nucleophilic site in promoting O-O 
bond formation (28). As the cell potential 
increases to initiate OER, the 1s — 3d tran- 
sition becomes more intense (Fig. 2A, inset). 
The average valence state of cobalt in LMCF 
was maintained at a lower value than that of 
Co30,4 (+2.67) under all the test potentials 
from +2.51 at 1.02 V to +2.32 at 1.70 V (29) 
(fig. S27). Simultaneously, Fourier transforma- 
tion of EXAFS spectra shows the reduction of 
Co-O and Co-Co shell intensities (Fig. 2D). At 
a potential of 1.7 V when the OER reaction 
proceeds much more rapidly, XAS analysis 
shows shortening of the Co-O bond length 
(Fig. 2F and table S5), indicating a high degree 
of covalency contraction, which positively af- 
fects the catalytic activity of the nanoparticles 
(28). A similar phenomenon was observed in 
an MnO, film, where the Mn-O bond was 
shortened concomitant with accumulation of 
Mn** and V, under applied potential in acid 
(22). Shortened Co-O bonds during OER were 


Potential (V) 


also found in the amorphous cobalt oxide 
OER catalyst (CoCat) (30), except that Co was 
in the +4 state, distinct from our catalyst. Ac- 
companying the rapid acceleration of OER at 
1.7 V, a clear increase of the Debye-Waller 
factor (DWF) o” was also observed. DWF per- 
tains to the motion of the coordinated atoms. 
In this case, it indicates increased Co-O vi- 
bration as the adsorbed H,0O is converted to 
Oz, possibly involving the shuffling lattice 
oxygen in LMCF, as was recently observed in 
a perovskite OER catalyst (32). The participa- 
tion of surface and lattice oxygen creates 
anisotropic displacement of the ligation to 
cobalt, causing an increase of Is — 3d tran- 
sition intensity. The Co XANES and EXAFS 
spectra were nearly fully restored to their 
original intensities at the onset voltage (1.23 V) 
when the cell potential was returned to 1.02 V, 
suggesting the reversibility of the active -site 
restructuring in LMCF. By contrast, XANES 
spectra at the Mn K-edge and La Lyy-edges 
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show little changes under different cell poten- 
tials (Fig. 2, B and C). Compared with Co, the 
EXAFS spectrum of Mn only showed a minor 
reduction of shell peak intensity at 1.23 V after 
the catalyst was immersed in the electrolyte. No 
apparent changes in shell structure and DWF 
were observed for Mn during OER (Fig. 2E and 
fig. S13). XANES and EXAFS analyses indicate 
that Mn and La do not participate in the electro- 
catalysis directly. Rather, their presence modifies 
the structure and activity of the cobalt site. To 
this end, we also investigated the in situ XAS at 
different potentials over the fibrous cobalt oxide 
catalyst prepared by the same method but in the 
absence of Mn and La (CF). The changes in 
XANES and EXAFS are significantly less dom- 
inant than those found in LMCF (fig. $28). 


Comparison with theory 


The experimentally observed atomic and elec- 
tronic configurations in LMCF correspond 
well with density functional theory (DFT) 
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Fig. 4. Computational Pourbaix diagram and Fermi band structure of 
LMCF. (A) Surface Pourbaix diagram for the La-doped Co30, (111) facet obtained 
from the DFT + U calculations. (B) Possible intermediate state configurations. 
Blue, gray, red, and white balls denote the octahedral Co**, tetrahedral Co**, 
oxygen, and hydrogen ions. An asterisk denotes the pure surface; H* and _H* 
denote the configurations in which the surface oxygen atoms are covered 

by H; Co° denotes the octahedral coordinated cobalt, and Co’ denotes the 
tetrahedral coordinated cobalt; the nO/nOH/nOOH refer to the numbers of 
O/OH/OOH groups covering over each Co atom: configurations denoted 
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La°30_ Co'O* 


“disCo/La” are generated after the Co/La dissolution; and the prefix “bri-" 
means that the covered groups act as a bridge connecting La° and Co’. 
The potential is relative to the standard hydrogen electrode (SHE). 

(C) Calculated Fermi band structure of LMCF by replacing Co?* with 

Mn?* in the Co30, lattice. (D) Charge density distribution at the Fermi level 
upon Mn substitution in LMCF. Yellow refers to the charge density contour. 
Blue, gray, and red balls indicate octahedral Co**, tetrahedral Co**, and 
oxygen, respectively. Mn ions are behind yellow contour and circled by 
violet dotted line. 
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calculations. For example, our calculation re- 
veals that in the bulk, in terms of total energy, 
both Mn and La preferentially replace Co in 
octahedral rather than tetrahedral sites, with 
stability differences of 0.25 eV and 1.28 eV, re- 
spectively. This is in agreement with the above 
XAS observation of the increased Co* per- 
centage due to the Mn and La doping. The 
stronger preference for La is because of its 
most stable +3 oxidation state, whereas Mn 
could be present in either a +2 or +3 state. Our 
calculation also shows that Mn preferentially 
remains in the bulk of the Co3;0,4, whereas La 
is extruded to the surface because of its large 
size. We compared the relaxed atomic struc- 
tures of Mn and La at the surface layers and 
in the bulk of Co30, (fig. S29). For Mn, the 
surface layer structure is merely 0.1 eV higher 
than that in the bulk, suggesting that it can 
displace Co anywhere in the system. For La, 
the energy is 3.09 eV lower at the surface than 
in the bulk. This agrees well with the STEM 
measurement of Mn and La distributions, as 
shown in Fig. 1, G and H, affirming their roles 
as dopants in enhancing oxide conductivity 
and surface defect or oxygen vacancies for 
better OER activity according to our design 
concept (32). 

For cobalt spinel-based OER catalysts oper- 
able in a PEMWE, the most imposing chal- 
lenge is stability in the acidic media. To better 
understand the enhanced acid tolerance of 
LMCF under electrolytic condition, we calcu- 
lated the surface Pourbaix diagram of the La- 
decorated Co30, (111) facet (Fig. 4A) because it 
represents the dominant facet in the LMCF 
observed by STEM (Fig. 1, F, G, and I, and fig. 
S6, D and E). The Pourbaix diagram consists 
of five regions—I: disLa°_H* + 2La®*, II: 
disLa°_Co'OOH* + 2La°*, III: bri30H_H*, 
IV: bri30H*, and V: La°30_Co'O*—with their 
intermediate state configuration shown in 
Fig. 4B. Among these five phases, phases I 
and II contain ionic La®* and therefore are 
unstable and soluble, whereas phases III, 
IV, and V contain the surfaces of Co**, Co**, 
and La®* bridged by OH*, OH_H*, and O* 
and exhibit relative stability against Co dis- 
solution. Under low pH and low or negative 
potential, the surface La in the La-doped 
CoO, (111) facet dissolves to form La®* (phase 
I). At potentials between 0.86 V and 1.1 V 
(RHE), the cation on the surface is oxidized 
and stabilized by OH%*, and the oxygen on the 
surface is covered by H* to form the stable 
bri3OH_H* structure (phase III). As the po- 
tential further increases to =1.23 V (RHE), the 
surface is protected by OH* to form a bri30H* 
stable structure (phase IV). Under high pH 
and high potential, the surface of the La- 
doped Co30, (111) facet tends to be oxidized by 
water, and the surface cations La and Co are 
protected by O* by forming a stable structure 
La°30_Co'O* (phase V). 
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The calculated Pourbaix diagram demon- 
strates that the stability of the LMCF catalyst 
is defined by the combination of cell potential 
and pH. It also agrees well with our experi- 
mental observations. For example, under no 
electric field (potential = 0) at pH < 7, the 
catalyst is in phase I and is thermodynami- 
cally unstable in the acidic solution. During 
our RDE study in 0.1 M HC1O, (pH = 1) at cell 
potentials between 1.5 V and 2 V, only a very 
small fraction of tests at low cell potential will 
overlap with phase II, which could explain 
why the dissolution rate was higher in the 
RDE test. In our PEMWE test, the actual cell 
voltage runs from 1.5 V to 3.0 V (between the 
two red dashed lines) within the anodic pH 
between 2 and 4 (defined by the two vertical 
green dashed lines) in Fig. 4A. Therefore, the 
actual PEMWE anode operates in a window 
within these two boundaries, as marked by 
the area covered by the green diagonal stripes. 
This operating window falls within phase V, 
La°30_Co'O*, which is stable, thus offering a 
preliminary explanation of the stability of the 
LMCF catalyst in the PEMWE. 

For comparison, we also calculated the 
Pourbaix diagram of the pure Co3O, (111) 
facet and confirmed its weaker stability com- 
pared with the La-doped surface (fig. S30). 
We furthermore calculated Pourbaix diagrams 
of the LMCF (110) facet (fig. S31) and (100) 
facet (fig. S32). Both facets offer good stability 
under PEMWE operating conditions accord- 
ing to the calculation. Our study revealed the 
critical role of surface La in stabilizing mul- 
tiple Co,0, facets against corrosion under 
working PEMWE condition. 

Another critical issue in electrocatalysis is 
the inherent electron conductivity of the oxide 
itself. Our calculation of LMCF shows that 
substituting a low concentration of Co”* ions 
with uniformly distributed Mn** ions in the 
Co30, lattice induces two partially occupied 
defect states in the midbandgap (Fig. 4, C 
and D). The Mn-induced electron wave func- 
tion overlaps significantly with neighboring 
Co ions, causing obvious dispersion and hence 
good electron mobility. This provides a direct 
enhancement of bulk-based electron conduc- 
tivity, which, combined with the connectivity 
of the nanofibrous oxide network, offers an 
overall high conductivity value for LMCF. The 
improved electronic conductivity was further 
confirmed experimentally by the four-probe 
van der Pauw method (fig. S9). 


Outlook 


This study offers prospective directions and 
design insight for the future development of 
PGM-free OER catalysts for hydrogen produc- 
tion using PEMWE technology. For example, 
the catalytic activity enhancement can be fur- 
ther explored by increasing the surface func- 
tional group density through elemental doping, 


primary size control, and morphology innova- 
tion. The PEMWE durability can be improved 
by removing the electrochemically unattached 
oxide, therefore limiting metal ion dissolution 
because of the lack of electro-potential stabili- 
zation. Fundamental understanding of the OER 
mechanism with respect to mononuclear versus 
binuclear reaction intermediates and catalytic 
pathways will help to guide the precursor and 
catalyst designs for lower overpotential and bet- 
ter acid tolerance (33, 34). These improvements 
offer paths to the next-generation, PGM-free 
OER catalysts as viable replacements for pre- 
cious metals, such as iridium. 
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A macroevolutionary pathway to megaherbivory 


Oscar Sanisidro™, Matthew C. Mihlbachler”%, Juan L. Cantalapiedra? 


Several scenarios have been proposed to explain rapid net size increases in some early Cenozoic 
mammalian lineages: sustained and gradual directional change, successive occupation of adaptive 
zones associated with progressively larger body sizes, and nondirectional evolution associated with 
branching events in combination with higher diversification potential of the larger lineages. We 

test these hypotheses in brontotheres, which are among the first radiations of mammals that 
consistently evolved multitonne sizes. Body-mass evolution in brontotheres mainly occurred during 
speciation and had no preferential direction. Long-term directional change stemmed from the higher 
survival of larger lineages in less-saturated herbivore guilds. Our study emphasizes the role of 
differential species proliferation in explaining the long-term phenotypic trends observed in the fossil 
record, which are more than an accumulation of steady microevolutionary changes. 


he diversification of body sizes during the 
early Cenozoic is one of the most extra- 
ordinary features of mammalian evo- 
lution (7). After the Cretaceous-Tertiary 
extinction event, mammalian body masses 
rarely exceeded 10 kg (2-4). Twenty million 
years later, megaherbivores (21000 kg) were 
keystone constituents of Cenozoic assem- 
blages. The emergence of megaherbivores had 
a profound influence on terrestrial ecosystem 
functioning by promoting new interactions 
among herbivore guilds and plant communi- 
ties (5), which triggered the evolution of larger 
carnivores (6), and restructuring energy and 
biomass flows among trophic levels (7). Yet the 
evolutionary processes underpinning rapid 
size increases in lineages are little understood. 
For example, the rate of body-mass change 
within populations (stemming from changes 
in allele frequencies through natural selec- 
tion, i.e., microevolution) is substantially faster 
than the rates observed in the fossil record 
(8). This decoupling suggests that evolution- 
ary change over deep time is not just an ex- 
trapolation of microevolutionary processes 
over millions of years (9) and points to a cru- 
cial contribution of processes operating at the 
species level and above [e.g., differential spe- 
cies proliferation, i.e., macroevolution (J0)]. 
Cope’s neo-Lamarckian views were inspired 
by his early study of the mammalian fossil re- 
cord. His “law of the unspecialized” posed that 
the interplay between organisms’ habits and 
environment propels lineages in parallel pro- 
gressive lines toward specialization and size 
increases (17). Later on, the size aspect of the 
law was emphasized (72), rebranded [“Cope’s 
rule” (73)], and recast in Darwinian terms: Se- 
lective advantages of a large size (14) operating 
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over broad timescales should render gradual 
changes within lineages—phyletic evolution— 
and definitive adaptive trends toward larger 
sizes (2) (Fig. 1A). Alternative reformulations 
rejected rectilinear evolution (definite, straight 
trends) and proposed that increasing-size trends 
are the result of lineages gradually adjusting to 
successive regimes of natural selection or adap- 
tive zones (15, 16) (Fig. 1A). 

In a later reinterpretation of Cope’s rule, 
Stanley (77) deviated from views that under- 
stood macroevolution as a long-term accumu- 
lation of gradual directional changes. Inspired 
by the model of punctuated equilibrium (78), 
Stanley predicted that changes in body mass 
mainly occur during speciation events and 
that such “speciational evolution” has no pref- 
erential direction (larger and smaller spe- 
cies are evenly produced during branching 
events). The model starts with a small an- 
cestor in close proximity to a functional or 
physiological size limit. Niches associated 
with smaller sizes are filled first, and larger 
lineages would show higher speciation po- 
tential and suppressed extinction because 
large-size guilds are initially less saturated. 
The pattern is expected to arise in major groups 
(e.g., mammals) but also explains the net size 
increases observed in some subclades (17, 19) 
(Fig. 1, A and B). Which of the three presented 
models (Fig. 1A) better explains the rapid net 
size growth of some early Cenozoic mamma- 
lian clades? This question remains unanswered 
because we lack quantitative assessments of 
the modes of mammalian body-mass evolution 
during the early Cenozoic based on phyloge- 
netic evolutionary models. Further, the im- 
plications of these alternative views on size 
evolution relate to an essential question in 
evolutionary biology: whether microevolution 
alone or macroevolution (including sorting or 
selection at the species level) shapes evolution- 
ary patterns over deep time. 

In this study, we investigate the well-known 
fossil record of the brontotheres (or titano- 
theres; superfamily Brontotheriioidea), an 
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extinct Eocene perissodactyl lineage that ur Chee 
went one of the most extreme net size increL. 
seen among mammals. The first known stem 
brontotheres were around 18 kg in size [Fig. 
1B; based on dental measurements (20)]. Yet 
during their 22-million-year history, more than 
half of the 57 known brontothere species had 
estimated masses of more than 1000 kg, posing 
a valuable example of efficient diversification 
into the megaherbivore guild. The definite 
size increase of brontotheres became one of 
the archetypical examples of rectilinear evolu- 
tion during the early 20th century (27). 

Our approach combines phylogeny-based 
trait evolution modeling (22-24) and diver- 
sification analyses (25) (fig. S1). The former 
is used to test three main scenarios of net 
body-mass evolution in brontotheres: steady 
size increase in lineages (or Cope’s rule) (13), 
adjustment to one or successive adaptive zones 
related to progressively larger body sizes (15), 
and speciational evolution without preferen- 
tial direction (77) [Fig. 1A and (20)]. Conversely, 
diversification analyses allow us to test for 
species sorting, that is, a correlation of extinc- 
tion and speciation rates with body mass and 
other size-modulated ecological variables 
such as ecological niche saturation and pre- 
dation pressure. The basis of our analyses 
comprises 1000 trees obtained through tip- 
dating procedures (fig. S2), mass estimates 
derived from dental dimensions, and an up- ‘ 
dated dataset of 276 fossil occurrences of 
brontotheres (20). 

The evolution of body size in brontotheres 
was nondirectional and had a dominant spe- 
ciational component (Fig. 1A). A model where 
change mainly occurs at speciation events with- 
out a preferential direction (26) is at least four 
times more probable than the other scenarios 
(Fig. 1C and table S2). Yet the non-negligible 
performance of a gradualistic version of Stanley's + 
model (that is, a nondirectional model of grad- ‘ 
ual evolution; table S2) suggests that phyletic 
evolution likely operated in some regions of 
the tree. Our results are robust toward sam- 
pling biases. A series of simulations shows 
that the signal of speciational evolution is only 
recovered in densely sampled fossil phyloge- 
nies, whereas a gradualistic model of evolu- 
tion is wrongly preferred because fewer tips 
are sampled in simulated clades [fig. S21 and 
(20)]. The unbiased nature of size evolution in 
the group is especially exemplified by the re- 
current evolution of smaller-sized brontotheres 
(some even less than 100 kg) until the latest 
Eocene (Fig. 1B). Evolutionary leaps are the 
norm across the clade, as shown by the fact 
that the speciational model is preferred even 
after these smaller forms are removed from the 
analyses (table S3). 

A speciational model of evolution is further 
supported by independent evidence revealing 
that net intraspecific mass changes—stemming 
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Fig. 1. The mode of body-mass evolution in brontotheres. (A) Hypothetical phenograms representing the 
main evolutionary models of net body-mass increment. Shown from top to bottom are gradual, sustained, 
and generalized increase in body mass (Cope's rule); size evolution across one or more successive adaptive 
zones with increasing optimal sizes (as in Simpson); and speciational evolution where change has no 
preferential direction (speciation events moving upward and downward are equal in number) and net size 
increases need differential survival and speciation potential. See (20) for details on the corresponding 
statistical models. (B) Phenogram showing brontothere body-mass evolution through time. The shaded areas 
reflect uncertainty in ancestral size reconstructions from fossiIBM. (C) Support for different evolutionary 
models based on corrected Akaike information criterion (AlCc) weights. (D) Rates of body mass evolution 


estimated by fossilBM. Circles at the tips show body m 
Priab., Priabonian; Rup., Rupelian; Than., Thanetian; M 


from sustained increases or gradual pheno- 
typic divergence—were rare in brontotheres. 
Instead, intraspecific mass evolution hovered 
around stable means in species recorded through 
several geological stages (27) (fig. S22). Overall, 
the observed pattern is congruent with pheno- 
typic evolution being mostly condensed in 
events of peripatric speciation (17, 18), where 
phenotypic sorting through drift or adapta- 
tion to immediate conditions is geologically 
rapid (28), and decoupled in direction from 
macroevolutionary trends (19). The signal of 
this discontinuity is also demonstrated by 
the weak reconstructed trend and attraction 
parameters in our phylogenetic models [trend 
parameter () = 0 and attraction parameter (a) = 
0.002, respectively; table $2]. In fossilBM, a 
Bayesian approach that captures tree-wide 
variation in rates and trends (24), all posterior 
distributions of the trend parameters largely 
overlap with zero (fig. S18). 

The speciational model alone cannot ex- 
plain the 150-fold net size increase observed 
in brontotheres (from around 20 kg to more 
than 3 tonnes). Processes where phenotypic 


traits drive sorting at the species level have 
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ass. Bart., Bartonian; Olig., Oligocene; Pal., Paleocene; 
a, million years ago; Myr, million years. 


been proposed to account for this apparent 
contradiction (19, 29). We tested the impact of 
body mass on speciation and survival rates 
and also explored the role of two size-related 
ecological traits in species sorting: the niche 
saturation experienced by each species based 
on its size (as in Stanley’s hypothesis) and 
species-specific predation pressure (30). These 
traits are based on body-mass information of 
680 species of herbivorous and carnivorous 
taxa that co-occurred with each brontothere 
species at stratigraphic and continental levels 
(20). Although these ecological traits are ex- 
pected to correlate with body size, they should 
better reflect specific biotic pressures under- 
gone by each species during its evolutionary 
history. 

We found that niche saturation was the best 
explanatory variable for diversification biases 
in brontotheres (table $4). According to this 
model, species in more-packed niches under- 
went higher volatility (higher speciation and 
disproportionately high extinction), mainly 
during the early stages of brontothere evolu- 
tion (Fig. 2; importantly, our models consider 
potential trait-dependent sampling rates). 
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Fig. 2. Effect of niche saturation on the diversifi- 
cation of brontotheres. (A and B) Effect of niche 
saturation on speciation (A) and extinction (B) 
rates. Circles represent the average expected rate 
of each species and time of speciation and 
extinction in each case. Lighter background shades 
represent the speciation and extinction values for 
each brontothere species across the posterior of 
the Markov chain Monte Carlo run. Baselines (blue for 
speciation, red for extinction) are the expected rate 
for a species with the mean trait value. 


Nevertheless, early brontotheres show large 
leaps in mass evolution (Fig. 1D), which were 
key to rapidly producing larger lineages that 
occupied less-saturated guilds. These new spe- 


cies show less capacity to produce species, but + 


their extinction risk was far less severe (Fig. ‘ 
2B; most of these species made it to the end of 
the Ypresian, some 48 million years ago). Early 
rapid saltations in body mass ensured the sur- 
vival of brontothere species that popped up in 
less-packed niches, setting the initial course 
for subsequent size trends in the group. 
From then on, brontothere species were able 
to avoid the most-filled herbivore guilds. Yet 
species in more-saturated niches still show 
speciation rates over the baseline rate (Fig. 2A), 
as reflected by the repeated emergence of small 
forms (Fig. 1B). Fast adaptation to local con- 
ditions could still render speciation into the 
smaller-sized-herbivore guilds of the Eocene. 
However, these highly saturated adaptive land- 
scapes were macroevolutionary minefields 
for brontotheres, as revealed by the inflated 
extinction risk of the species associated with 
more-crowded guilds in the middle and late 
Eocene. Conversely, lineages in less-saturated 
ecological niches show a substantial increase 
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in survival probability until the end of the 
Eocene (Fig. 2B), further enhancing the macro- 
evolutionary trend toward larger sizes. 

Despite extinction suppression in lineages 
associated with less-crowded niches, the base- 
line extinction rate shows that overall lineage 
survival decreased toward the second half 
of the group’s history (Fig. 2B and fig. S16). 
Classic notions advocated that the attainment 
of extreme large sizes was linked to overspe- 
cialization and eventually led to degeneracy 
and extinction (1/7, 12), but others have pro- 
posed that brontotheres just could not keep 
up with the changing environment (31, 32). 
We see an overall deceleration of body-mass 
evolution in brontotheres [P < 0.001; correla- 
tion coefficient (7) = —0.413; based on branch- 
specific rates from fossilBM; fig. S1I9A], which 
could be interpreted as a signal of intrinsic 
evolutionary stagnation. However, rates of an- 
atomical evolution (estimated in our tip-dating 
approach based on characters in the cladistic 
matrix) did not track rates of body mass evo- 
lution (P = 0.595, r = 0.051; fig. SI9D) and 
showed no signal of deceleration with time 
(P = 0.107; r = —0.153; fig. S1B9), showing 
that brontotheres had not exhausted their evo- 
lutionary potential. Rather, the decelerating 
rates of mass evolution could be the result of 
biomechanical or physiological constraints, 
which would also explain why large size leaps 
during the latest part of brontothere history 
only took place toward small sizes (Fig. 1B) 
but are also in line with longer generation 
times slowing down the pace of evolution (9). 

More likely, the overall decline in bronto- 
there diversity and extinction was driven by 
changes in climate and vegetation (32). The 
second half of the Eocene witnessed a step- 
wise transition toward drier and less-forested 
conditions in the Northern Hemisphere (33), 
bringing about unprecedented selective pres- 
sures for the last browsing, forest-dwelling 
brontotheres (34) (including further crowding 
of herbivore guilds at larger sizes). Further 
study, including climate and niche modeling as 
well as extensive dietary proxies, would clarify 
how environmental change led to the demise 
of the brontotheres. 
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Our results portray interconnected patterns 
of phenotypic and diversity trends in bronto- 
theres acting at three different levels (35). 
First, body-mass evolution during peripatric 
speciation rapidly increased size disparity in 
brontotheres. Major size changes took place 
among the earliest forms, stemming from high 
macroevolutionary volatility in smaller lineages 
(Fig. 2). This finding contrasts with views that 
relate size increases in mammals with notions 
of progress and dominance. At a second level, 
ecology-mediated differential survival of spe- 
cies reshapes the available body mass dis- 
parity. It was this macroevolutionary process 
that rendered the observed net increase in 
brontothere body mass, which cannot be ex- 
plained by upward extrapolation from grad- 
ual processes over millions of years. Yet the 
survival of the clade is not ensured by the 
enhanced survival of larger species in less- 
saturated niches. On a third tier, we find pro- 
cesses acting above the species level that 
dictate the decline and replacement of entire 
lineages, spurred by unpredictable changes 
in the physical environment. This last level of 
macroevolution marks the coming and going 
of clades and defines vast evolutionary trends 
over tens or hundreds of millions of years. 
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Major advances over the past decade in the field of ancient DNA are providing access to past 
paleogenomic diversity, but the diverse functions and biosynthetic capabilities of this growing 
paleome remain largely elusive. We investigated the dental calculus of 12 Neanderthals and 

52 anatomically modern humans ranging from 100,000 years ago to the present and reconstructed 
459 bacterial metagenome-assembled genomes. We identified a biosynthetic gene cluster shared 
by seven Middle and Upper Paleolithic individuals that allows for the heterologous production of a 
class of previously unknown metabolites that we name “paleofurans.” This paleobiotechnological 
approach demonstrates that viable biosynthetic machinery can be produced from the preserved 
genetic material of ancient organisms, allowing access to natural products from the Pleistocene and 
providing a promising area for natural product exploration. 


icrobial natural products play key roles 
in cell signaling, communication, de- 
fense, and microbial evolution, enabling 
the interaction between microorgan- 
isms within communities and with 
their abiotic environments (J, 2). Because of 
their high structural and functional diversity, 
they are an ideal source of therapeutic drugs, 
antimicrobials, and other functional compounds 
(3, 4). Characterizing the natural products en- 
coded in biosynthetic gene clusters (BGCs) and 
synthesized by ancient microbial communities 
would provide insights into past microbial life- 
styles and enable access to previously hidden 
chemical, structural, and functional diversity. 
However, the direct detection and character- 
ization of metabolites from ancient microbiota 
has met with only limited success (5). Small 
molecules are unlikely to persist in archaeological 
samples over long periods because they leach 
out and have a propensity to degrade and un- 
dergo modification over time. With the advent 
of paleogenomics, it is becoming feasible to 
access the vast structural and functional diver- 
sity of ancient low-molecular-weight natural 
products by instead resurrecting biosynthetic 
pathways from ancient metagenomes. 
Since the publication of the first draft ge- 
nome of an ancient bacterium in 2011 (6), 
major advances in paleogenomic technologies 


have resulted in the characterization of more 
than 1700 ancient microbial genomes, partial 
genomes, and metagenomes from diverse 
pathogens, commensals, culinary taxa, and 
microbiota (7). Yet, knowledge of the diverse 
functions and biosynthetic capabilities encoded 
within this growing microbial paleome lags 
behind. Most studies in the field of ancient 
microbial research have focused on sequence 
alignment to databases of reference genes or 
genomes, thus restricting findings to known 
taxa and their close relatives (8, 9). Recent 
de novo assembly of authentic ancient DNA 
(aDNA) has shown that reconstruction of 
ancient metagenome-assembled genomes 
(MAGs) is possible (10-13). However, further 
optimization of assembly methods and explo- 
ration of deeply sequenced ancient metage- 
nomes is needed to understand the unknown 
functional space and biosynthetic capabilities 
encoded in the microbial paleome. The devel- 
opment of computational tools for BGC pre- 
diction from (meta)genomes has accelerated 
natural product discovery through identifica- 
tion of gene targets for heterologous expression 
(14-16). However, this requires high-quality 
genomic data consisting of long contiguous 
sequences (contigs), which are difficult to 
assemble from fragmentary aDNA (17) with 
currently available methods (71-73). 
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metagenome-assembled genomes (MAGs) © 
To search for ancient BGCs, we selected pre- 
viously published dental calculus metagenomic 
datasets (9) from 12 Neanderthals dating from 
~102,000 to 40,000 years ago, 34 archaeological 
humans dating from ~30,000 to 150 years ago, 
and 18 present-day humans (Fig. 1A and 
dataset Sla) and generated additional se- 
quencing data for a subset of 23 individuals 
predating 8000 years ago to improve meta- 
genomic sequence coverage within this set 
(dataset Sib). For each individual, we obtained 
between 3.1 million and 338.3 million DNA 
molecules (dataset Sic) with a mode fragment 
length of 30 to 48 base pairs (bp) for archae- 
ological sequences (mean, 30 bp) (Fig. 1B and 
dataset Sid). We removed five low-quality 
samples with fewer than 5 million sequences 
and then considered assembler performance 
on ultrashort sequences and performed de 
novo assembly of the metagenomic datasets 
using MEGAHIT (78) for Neanderthals and 
ancient humans and metaSPAdes (19) for 
present-day humans. For MEGAHIT assem- 
blies, we observed a persistent artifact in which 
damage-related miscoding lesions were over- 
represented in contig sequences, and we cor- 
rected this error by replacing the damaged 
allele extracted from the assembly graph with 
the allele inferred from FreeBayes (20) from 
short-read alignment to the contig sequence ‘ 
(fig. S1). We obtained 522,874 and 305,133 
contigs >1 kb in length for the present-day 
and ancient metagenomes, respectively, of 
which 21,070 and 8165 contigs exceeded 10 kb 
(dataset S2a). Although on average the de novo 
assembly of present-day dental calculus meta- 
genomes resulted in longer contigs (fig. S2 
and dataset S2b), the assembly of a subset of 
deeply sequenced Pleistocene metagenomes 
(PESO01, EMNO01, and PLVO0O1) performed sim- + 
ilarly to present-day metagenomes (Fig. 1C), and ‘ 
the majority of the contigs belonging to these 
individuals were inferred to be of ancient origin 
by means of PyDamage (fig. S3 and dataset 
$2c) (73). 

After assembly, we performed reference-free 
binning of all contigs longer than 1 kb (dataset 
S3a) and MAG refinement based on single-copy 
marker genes by using MetaWRAP (dataset 
S3b) (21). We next implemented an automated 
pipeline to identify and remove chimeric con- 
tigs (figs. S4 and S5 and dataset S3c). Requir- 
ing >50% genomic completeness and <10% 
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Fig. 1. De novo assembly and reference-free binning of ancient metagenome- 
assembled genomes (MAGs) from dental calculus samples. (A) Sample 
locations and temporal overview. (Inset) All analyzed samples. (Right) The larger 
map displays seven samples for which we were able to reconstruct >50% of the 
Chlorobium genome. (B) DNA length distribution of EMNOO1, PESOO1, and PLVOO1 
metagenomes estimated from paired-end 75-bp Illumina-sequenced read pairs. 
The mode fragment length was <40 bp, and only 12.4, 21.4, and 12.6% of read 
pairs were longer than the maximum inferrable length of 140 bp (dataset S1b). 
(C) Contig length distribution of the longest contig (NO) and at the nine deciles (N10 


contamination as estimated with CheckM 
(22) and a clade separation score of <0.45 
as estimated with the Genome UNClutterer 
(GUNC) (23), and following minimum infor- 
mation about a metagenome-assembled ge- 
nome (MIMAG) criteria (24), we obtained a 
total of 459 MAGs, of which 150 high-quality 
(HQ) and 174 medium-quality (MQ) MAGs 
originated from present-day metagenomes and 
25 HQ and 110 MQ MAGs originated from arc- 
haeological metagenomes (dataset S3c). How- 
ever, both the modern and archaeological HQ 
MAGs lacked the required ribosomal RNA genes 
(dataset S3d), which is typical of MAGs as- 
sembled from short-read metagenomic sequenc- 
ing data alone (25, 26). Of the 135 archaeological 
MAGs, 22 HQ and 104 MQ MAGs were con- 
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age-related damage. 


firmed with PyDamage (13) to have character- 
istic age-related DNA damage (dataset S3c, g 
value < 0.05), indicating that the archaeo- 
logical MAGs are predominantly ancient in 
origin and not recent contaminants. 

From the 459 MAGs, we identified a set of 
226 representative MAGs (dataset S3e) by 
clustering at an average nucleotide identity 
(AND of 95%; we then performed taxonomic 
classification using the Genome Taxonomy 
Database (GTDB). We next determined whether 
the representative MAGs were likely to have an 
oral origin by clustering them with all reference 
genomes present within the Human Oral 
Microbiome Database (HOMD) (fig. S6) (27). 
The majority of MAGs (75.4%) were found to 
be closely related to known oral taxa, although 
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to N90) for EMNOO1, PESOO1, and PLVOO1 compared with the average contig 
length of present-day dental calculus samples. Nx, deciles of the contig length 
distribution. (D) Summary of all MAGs recovered from dental calculus samples 
containing a HQ Chlorobium MAG. Pies indicate the completeness estimated 

by CheckM, horizontal bars indicate the HQ MAGs, and colors indicate the inferred 
MAG source. (E) Graph showing 5' substitution frequency of EMNOO1 short-read 
data aligned to Chlorobium and Flexilinea contig consensus sequences. High 
frequencies of C-to-T transitions relative to other possible substitutions indicate 


this is likely an underestimate because several 
taxa not identified as oral by this method were 
nevertheless assigned by means of PhyloPhlAn3 
(28) to taxa with oral isolation sources (dataset 
S3e). We observed overlap in the representative 
MAGs found in both present-day and archaeo- 
logical dental calculus, such as the oral taxa 
Arachnia propionica (n = 16), Flexilinea 
$p001717545 (n = 15), and Lautropia mirabilis 
(n = 14) (dataset S3f), but some oral MAGs were 
recovered only from present-day (for example, 
Capnocytophaga) or archaeological (for exam- 
ple, Methanobrevibacter) metagenomes. Oral 
MAGs were well represented among many of 
the oldest Pleistocene metagenomes in our study 
(Fig. 1D), and at least nine MAGs of secure oral 
origin were reconstructed from a Neanderthal 
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Fig. 2. Phylogeny and shared average nucleotide identities (ANI) of ancient 
Chlorobium MAGs within a subset of modern Chlorobiales genomes and 
MAGs. (A) A pruned phylogenetic tree based on the amino acid alignment of all 
core genes of C. limicola, illustrating the phylogeny of the ancient Chlorobium 
MAGs compared with 34 modern genomes of Chlorobiales species. The color 


found at a site in PeSturina, Serbia (29, 30). These 
MAGs substantially exceed the age of the pre- 
viously oldest reconstructed MAGs (~2000 to 
8000 years old) (17, 32) by more than 90,000 years. 


Reconstruction of authentic ancient Chlorobium 
genomes from Paleolithic dental calculus 


The genus with the highest number of ancient 
HQ MAGs was Chlorobium, a genus that is not 
typical of oral microbiota or burial sediments 
(fig. S6) but was detected in the dental cal- 
culus of nine individuals (dataset S4). Known 
members of Chlorobium are photolithoauto- 
trophic, obligate anaerobic green sulfur bacteria 
that typically perform photosynthesis in anoxic 
water columns (32, 33). Five of those nine 
individuals returned a HQ Chlorobium MAG 
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Candidatus Thermochlorobacter aerophilum 


(EMNO01, PESOO1, GOY005, PLVOO1, and 
RIGOO1), and their HQ Chlorobiwm MAGs 
had the highest completeness of all MAGs in 
the metagenome (Fig. 1D). Chlorobium MAG 
EMNO01__ 021, originating from a ~19,000- 
year-old individual found at El Mir6én (34), 
Spain, had a very high median contig length 
(N50 = 115 kb) and an exceptionally low num- 
ber of contigs (n = 21) (dataset S3e). We also 
assembled two MQ Chlorobium MAGs from 
Upper Paleolithic humans—one from TAF017 
and another from PLVO001 (dataset S3c)—and 
we genotyped >50% of the Chlorobium ge- 
nome at a minimum coverage of threefold for 
the Neanderthal GOY006 (dataset S4c; the 
genotyping was performed by mapping rather 
than by assembly). The seven samples for which 
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coding indicates the sources from which the organisms and modern and ancient 
MAGs were obtained. Clades supported by at least 80% of the bootstrap replicates + 
are indicated by dots on the respective branch. Flavobacterium branchiicola was 
used as an outgroup to root the tree. (B) Corresponding heatmap illustrating the 
ANIs 274% (colored) and <74% (gray). 


we could reconstruct at least one Chlorobium 
genome at >50% either by de novo assembly or 
reference-based alignment all originated from 
Pleistocene contexts in west Eurasia and north 
Africa and were excavated from either cave sites 
(EMNO01, PESOO1, GOY005, GOY006, RIGOOI, 
and TAFO17) or a site close to a water reservoir 
(PLVOO1) (Fig. 1 and dataset Sla). Chlorobium 
was largely absent from individuals aged younger 
than 10,000 years (n = 45), with the exception 
of ESA006 and ESAOO7 (dataset S4b), who 
were found at a 19th-century coastal site in 
Morocco (dataset Sila). 

Because Chlorobium is not a known oral 
taxon, we investigated whether it could be a 
recent postmortem contaminant by inspecting 
the DNA damage patterns of the Chlorobium 
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HQ MAGs in comparison with those of the 
paired HQ MAGs of the securely oral taxon 
Flexilinea (National Center for Biotechnology 
Information taxonomy name Anaerolinaceae 
bacterium oral taxon 439) from the same in- 
dividuals. The DNA sequences making up the 
Chlorobium and Flexilinea MAGs exhibit 
equivalently high frequencies of 5’ C-to-T mis- 
coding lesions characteristic of age-related 
DNA damage (Fig. 1E and fig. $7) (17), con- 
firming that the Chlorobium MAGs are of 
authentic ancient origin. 


Paleoecology and evolution of ancient 
Chlorobium species 


To determine the ecological origin of the an- 
cient Chlorobium species, we constructed a 
phylogenetic tree using all available genomes 
of the Chlorobiales order from diverse envi- 
ronmental sources (Fig. 2A and fig. $8). The 
ancient Chlorobium MAGs are most closely 
related to Chlorobium limicola and form a 
previously undescribed monophyletic clade 
(Fig. 2A and figs. S8 and S9). Their set of 
functional genes, including those required for 
the photosynthetic machinery, is similar to 
those found in modern C. limicola strains 
occurring in freshwater biofilms (figs. S10 
and S14, and datasets S6 and S8). Because 
Chlorobium spp. are photoautotrophs (35), 
we speculate that anaerobic colonization of 
the dental plaque biofilm occurred either 
during life or shortly after death but before 
burial through transient exposure to contami- 
nated freshwater sources. Periodic in vivo 
host-mediated biofilm calcification or Chlorobium- 
mediated, light-dependent dolomite formation 
(36) may have further facilitated the long-term 
preservation of this microbe within dental 
calculus. Metagenomic analyses of burial- 
site sediments from El] Mir6n as well as non- 
human DNA obtained from a bone sample 
of the El Mir6én individual (37) do not show 
the presence of Chlorobium DNA (fig. S11), 
supporting ante- or perimortem incorpora- 
tion (dataset S7 and fig. S12). 

Although related to C. limicola, the ancient 
Chlorobium MAGs are genomically distinct 
(ANI <80%) (Fig. 2B and fig. S13). Seven an- 
cient MAGs share >95% ANI, indicating that 
they are members of a single species, whereas 
PLVOO1_002 had lower shared ANI values of 
85 to 88%, suggesting that it is a different 
species (38). Thus, the ancient Chlorobium 
MAGs appear to represent two unknown, 
possibly extinct Chlorobium species. The an- 
cient Chlorobium sp. represented by the seven 
closely related MAGs differs from C. limicola 
and the ancient Chlorobium sp. represented 
by PLV001_002 in appearing to have lost its 
ability to oxidize thiosulfate, and it may have 
also had altered iron-transport and photo- 
synthesis capabilities (dataset S8, c and d). 
The additional presence of glycoside hydrolase 
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orthologs in the ancient Chlorobiwum MAGs 
indicates that the ancient Chlorobium spp. 
were adapted to different growth conditions 
than were C. limicola. The low diversity ob- 
served among the seven closely related an- 
cient Chlorobium MAGs is not unexpected, 
even considering their broad geographic dis- 
tribution and time span. Wild populations of 
Chlorobium spp. are known to have extremely 
low sequence diversity (39) and to undergo 
genome-wide sweeps and strong, purifying 
selection (40). Low diversity was also observed 
among the HQ MAGs of the oral taxon Flevilinea 
obtained from the same individuals (fig. S15 
and dataset S8e) and has been reported in 
well-studied ancient pathogens (41), such as 
Yersinia pestis (dataset S8f). 


Discovery of ancient butyrolactone 
biosynthetic gene clusters (BGCs) with a 
highly similar genetic architecture 


To gain insight into the biosynthetic potential 
of ancient microbes, we screened the ancient 
Chlorobium MAGs for BGCs by using anti- 
SMASH (/4) and identified four different bio- 
synthetic gene cluster (BGC) types, of which 
putative butyrolactone and terpene BGCs are 
most prevalent (fig. S16B). Butyrolactones are 
known signaling molecules originally discovered 
in Streptomyces species (42). These compounds, 
however, have not been previously reported 
in the Chlorobiales order. To ensure that the 
butyrolactone BGCs are of ancient origin, we 
confirmed that all respective contigs encoding 
the butyrolactone BGCs have characteristic 
age-related DNA damage (table S1) by using 
PyDamage (13). We used an A-factor synthase 
(AfsA)-like gene, constituting the core gene 
of butyrolactone biosynthesis (42), as a query 
to understand the evolutionary origin of the 
Chlorobium butyrolactone BGC. Phylogenetic 
analysis of all ancient and 342 representative 
AfsA-like synthases from various organisms 
sharing a similar protein domain structure (a 
single HotDog domain) (43) showed that the 
AfsA-like synthases within the ancient Chlor- 
obium MAGs are most closely related to those of 
the Chlorobiales sister lineage (fig. S18), suggest- 
ing vertical gene transfer. 

To ascertain the fidelity of the ancient 
butyrolactone BGC architecture, we compared 
the gene synteny of the ancient BGCs to 
butyrolactone BGCs across representative 
genomes within the Chlorobiales order and 
performed a network analysis based on pair- 
wise sequence similarities across the entire 
BGC region by using the biosynthetic gene 
similarity clustering and prospecting engine 
(BiG-SCAPE) (44). We found seven distinct 
gene cluster families (GCFs) that form two 
major gene cluster clans (GCCs) (Fig. 3A and 
dataset S7), of which one GCF comprises all 
ancient butyrolactone BGCs found in the 
highly related Chlorobium MAGs, as well as 
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one modern BGC. A comparison of the genetic 
architecture and sequences of the modern and 
ancient butyrolactone BGC regions showed 
that all ancient and also several closely related 
modern butyrolactone BGCs share similar ge- 
netic features in the vicinity of the AfsA-like 
synthase gene (Fig. 3B; figs. SI6C, S17, and S19; 
and table S2), suggesting correct reconstruc- 
tion of the ancient BGCs. 


Reconstruction of ancient BGC delivers 
previously unobserved metabolites 


To access the butyrolactone-type metabolite 
from the ancient Chlorobium MAGs, we re- 
constructed the corresponding BGC. AfsA-like 
synthase-based biosynthetic pathways typ- 
ically involve additional modifying enzymes 
leading to the production of butyrolactones 
(42), butenolides (45), or furanoids (46). To 
validate the BGC sequence derived from meta- 
genomic assembly of highly fragmented aDNA, 
we performed pairwise sequence compar- 
isons for the three core genes (@fsA-like syn- 
thase, oxidoreductase, and cqsS-like sensor 
kinase/phosphatase gene) between all ancient 
Chlorobium MAGs. All BGC core genes are 
nearly or fully identical in their nucleotide 
and amino acid sequences (fig. S20), mirror- 
ing the high ANI shared between the respec- 
tive MAGs (Fig. 2B and fig. S12). 

We obtained the ancient coding sequence 
of the three core genes from HQ Chlorobium 
MAG EMNOO1_021 (which is identical to that 
in HQ MAG RIGOO1_ 021) (fig. S20) by per- 
forming gene synthesis and then cloned differ- 
ent sets of the encoded open reading frames 
into two different expression systems under the 
control of strong promoters (tables S3 to S5). 
We used a derivative of the extrachromosomal 
broad-host-range expression vector PRANGER- 
BTB3 to determine the required set of bio- 
synthetic genes in an engineered Pseudomonas 
protegens Pf-5 expression chassis. Ultrahigh- 
performance liquid chromatography coupled 
with mass spectrometry (UHPLC-MS) indicated 
the presence of additional compounds when 
expressing the key biosynthetic gene encod- 
ing an AfsA-like synthase (plfA) with the 
adjacent oxidoreductase gene (p/fB). These 
products were absent when expressing each 
gene individually (fig. S21A). Furthermore, 
we used chassis-independent recombinase- 
assisted genome engineering (CRAGE) to 
stably integrate the ancient biosynthetic genes 
chromosomally into engineered P. protegens Pf- 
5 (table S6) and additionally into Photorhabdus 
khanii subsp. khanii XP03 (47) to verify that 
compound production is host-independent. 
Because the compounds are only produced in 
both mutant strains, the small molecules must 
originate from the heterologous expression of 
the ancient p/fA and p/fB genes (Fig. 3C and 
fig. S21B). From a 3-liter fermentation of Pf-5 
harboring both p/fA and p/fB, we isolated 
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Fig. 3. Reconstruction of ancient butyrolactone BGCs to access metabo- 
lites. (A) A network analysis of ancient and modern butyrolactone BGCs 
performed with BiG-SCAPE identified two gene cluster clans (GCCs, A and B) 
including seven gene cluster families (GCF, a to g) in the order Chlorobiales. 
The butyrolactone BGCs from ancient MAGs fall in one GCF (g). The majority of 
the modern BGCs are found in different but related GCFs. For illustration 
purposes, the raw pairwise distances were filtered to include only those 
estimated as <0.3 (supplementary materials, section 7). GOYO05_001 does not 
appear in GCF (g) because of initial assembly truncation (supplementary 
materials). (B) All ancient butyrolactone BGCs share a similar genetic 
architecture with high sequence similarities. Heterologously expressed genes 
are highlighted with a gray box. Gene annotations are given with orthologs in 
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parentheses, if available. (©) HPLC profiles at 190 nm of culture extracts of 
Pf-5 harboring the afsA-like synthase p/fA with the adjacent oxidoreductase 
plfB (black line) and of Pf-5 host control (gray line) show that paleofuran A (1) 
and B (2) are only produced upon heterologous expression of the ancient 
biosynthetic genes. MAU, milli-absorbance units. (D) Chemical structures of 
paleofuran A (1, n = 1) and B (2, n = 3) illustrated with correlation spectroscopy 
(COSY) (bold lines) and heteronuclear multiple-bond correlation (HMBC) 
(arrows) signals. Paleofuran biosynthesis requires both the AfsA-like synthase 
PIfA and the oxidoreductase PIfB, which most likely condense a glycerol-derived 
C3 unit (red) with an acyl carrier protein (ACP)—bound 3-oxo fatty acid, 
followed by a decarboxylation. (E) Scheme for the chemical synthesis of 
paleofuran A (1). TFAA, trifluoroacetic anhydride. 


compounds with pseudomolecular masses 
[M-H] of mass/charge ratio (7/z) = 209.1178 
and 237.1493, corresponding to the molecu- 
lar formulae Cy2H;gO3 and C,4H»220s, respec- 
tively. Using nuclear magnetic resonance (NMR) 
spectroscopy (figs. S26 to S32) and gas chroma- 
tography coupled with electron impact-mass 
spectrometry (GC-EI-MS) fragment analyses 
(fig. S23), we elucidated the structure of two 
previously unknown 5-alkylfuran-3-carboxylic 
acids with C7 or C9 alkyl side chains, which we 
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named paleofuran A (1) and paleofuran B (2), 
respectively (Fig. 3D, fig. S22, and table S7). 
The chemical total synthesis of paleofuran A 
(1) in only two steps with 40% overall yield 
starting from 3-carboethoxyfuran (3) through 
ketone (4) confirmed the proposed structure 
(Fig. 3E, fig. S24A, and figs. $33 to S35). 

As previously shown for structurally related 
methylenomycin furan (MMF) autoinducers 
(48), AfsA-dependent biosynthetic pathways 
can also lead to furanoid formation (46). Anal- 
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ogously, we found that feeding of glycerol- 
1,1,2,3,3-d5 led to incorporation of a single 
deuterium in the furan core next to the ring 
oxygen (figs. S24B, S25, S36, and S37). This 
result suggests that the building blocks are 
also derived from a glycerol C3 unit and a C10 
(for 1) or C12 (for 2) 3-oxo fatty acid, which 
would decarboxylate after condensation (Fig. 
3D). Because MMFs regulate the adjacent 
methylenomycin BGC in Streptomyces species 
(46), we analyzed the vicinity of the ancient 
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Chlorobium AfsA-like synthases. The adjacent 
genes, which are conserved in modern Chlorobium 
genomes, encode biosynthetic enzymes required 
for production of bacteriochlorophyll precur- 
sors, suggesting that the paleofurans could be 
involved in regulating the bacterial photosyn- 
thesis (fig. S19, table S2, and dataset S6). 


Discussion 


The paleobiotechnological strategy we have 
described unlocks the biosynthetic potential 
of authentic ancient metagenomes, effectively 
adding a time dimension to natural product 
discovery. Natural product recovery not only 
expands our understanding of the paleome but 
also raises questions regarding the manage- 
ment, stewardship, and intellectual property of 
humanity's collective biological and cultural her- 
itage (supplementary materials, section 1.1). The 
multiple steps implemented throughout the 
workflow address the known challenges of 
aDNA recovery from diverse sources (17, 49) 
and indicate the benefit of deeply sequenced 
ancient samples for the exploration of short 
read-based ancient metagenomes. 

The recovery of unknown, possibly extinct 
ancient microbial species further opens an 
avenue to investigate lost microbial diversity 
due to environmental changes and increased 
selective pressures—for example, climate change 
or (mis)use of antibiotics, respectively (50, 57). 
However, given the insufficient representa- 
tion of Chlorobium genomes in current data- 
bases, we cannot be certain whether the two 
ancient ecotypes are extinct or only unrecoy- 
ered. Chlorobium members are key players 
in the carbon, nitrogen, and sulfur cycles (52) 
and can harvest light at very low intensities 
(32), making it likely that they were incor- 
porated into ancient dental biofilms through 
transient exposure to contaminated water. 
Pleistocene-era cave dwelling may have in- 
creased human exposure to Chlorobium spp., 
and the high prevalence of the genus only 
among Paleolithic individuals suggests that 
the environmental microbial exposures of hu- 
mans may have substantially changed over 
time as habitation patterns shifted in response 
to Holocene-era climate change. 

From the reconstructed ancient Chlorobium 
MAGs, we accessed previously unreported 
paleofurans. That the paleofuran BGC and its 
genetic vicinity remained largely unchanged 
over at least ~100,000 years may suggest that 
paleofurans play an important role in the 
ecology of Chlorobium species. This ability 
to reconstruct microbial genomes from well- 
dated archaeological contexts has important 
implications for refining bacterial evolution 
models and overcoming time-resolution chal- 
lenges. Our approach can, in principle, be 
applied to any ancient metagenome, thus 
providing a roadmap for future BGC explora- 
tion and metabolite discovery. The analysis 
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and comparison of the product spectrum of 
ancient and modern paleofuran BGC homo- 
logs offer key opportunities to explore BGC 
evolution. 

By merging metagenomics, genome mining, 
gene synthesis, and metabolic analyses with 
the field of aDNA research, we chart a path for 
the discovery of ancient natural products to 
gain evolutionary insights on their formation 
and origin, as well as to inform their potential 
future applications. 
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Effects of hunger on neuronal histone modifications 


slow aging in Drosophila 


K. J. Weaver", R. A. Holt”, E. Henry’, Y. Lyu*, S. D. Pletcher’ 


Hunger is an ancient drive, yet the molecular nature of pressures of this sort and how they modulate 
physiology are unknown. We find that hunger modulates aging in Drosophila. Limitation of branched- 
chain amino acids (BCAAs) or activation of hunger-promoting neurons induced a hunger state 

that extended life span despite increased feeding. Alteration of the neuronal histone acetylome was 
associated with BCAA limitation, and preventing these alterations abrogated the effect of BCAA 
limitation to increase feeding and extend life span. Hunger acutely increased feeding through usage 

of the histone variant H3.3, whereas prolonged hunger seemed to decrease a hunger set point, resulting 
in beneficial consequences for aging. Demonstration of the sufficiency of hunger to extend life span 
reveals that motivational states alone can be deterministic drivers of aging. 


he relations between an animal and its 
diet influence behavior and aging in re- 
markable ways. The physiological need 
for nutrients motivates animals to forage 
and feed, and forced limitation in food 
availability slows aging across taxa (7). Both 
effects derive not only from the energetic 
content of the diet but also its composition 
(2-4). Many animals eat until they have con- 
sumed a specific amount of protein, for ex- 
ample, and the protein:carbohydrate ratio 
that results in part from seeking this target 
is a major factor in modulating life span (5). 
An animal need not even consume its diet to 
be affected by it. In mice, appetite is promoted 
by environmental cues that are associated with 
future food consumption, presumably by in- 
fluencing broader neural states that specify 
nutrient-specific drive, or hunger (6, 7). Sim- 
ilarly, the taste and smell of specific nutrients 
modulate life span in the fruit fly, Drosophila 
melanogaster, and the nematode, Caenorhab- 
ditis elegans, among other species (8-11). 

The effects of diet on aging and behavior 
could share mechanistic foundations in the 
motivational states they promote, yet little is 
known about the molecular nature of these 
states. Many animals, including humans, de- 
velop a motivational drive for protein, as do 
Drosophila in response to starvation and mating 
(12-14). The existence of this drive and its abil- 
ity to influence physiology is demonstrated 
by the observation that perception of protein- 
containing food without its consumption re- 
verses the beneficial effects of protein-restricted 
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diets in Drosophila and C. elegans (11, 15, 16). 
The neurotransmitter serotonin, together with 
neurons that express a specific serotonin re- 
ceptor (5-HT2A), modulate this hunger state, 
and loss of 5-HT2A increases life span up to 
50% in nutrient-rich conditions (17). Observa- 
tions such as these led us to test whether the 
neural states that encode the motivation to 
seek food are sufficient to slow aging, inde- 
pendent of any changes in nutrient intake that 
may result. 

We established that hunger modulates aging 
in Drosophila and demonstrated that this mo- 
tivational state promotes feeding and mod- 
ulates life span through partially separable 
downstream mechanisms. Flies that were 
made hungry by reducing dietary branched- 
chain amino acids (BCAAs) or by activation 
of neurons that evoke hunger were long-lived, 
despite consuming more calories and more 
total protein. Specific subsets of Drosophila 
neurons used BCAA metabolism to modify the 
neuronal histone acetylome—a plasticity that 
was required to encode hunger in these mod- 
els. Prolonged hunger appeared to alter a set- 
point around which appetite is regulated and 
this adaptation may be an important compo- 
nent of a slowed aging process. 


Results 


To investigate how neural states motivate feed- 
ing and modulate aging, we focused our in- 
vestigations on the BCAAs primarily because 
decreasing their abundance in the diets of 
mammals and flies increases protein appetite 
and extends life span (78, 19). We used a chem- 
ically defined diet to adjust the concentration 
of BCAAs without altering other dietary com- 
ponents (20). We designed a reference holidic 
diet (RD), within which we manipulated BCAAs 
over a range of concentrations consistent with 
those in diets used for Drosophila aging studies 
that avoid malnutrition and overnutrition. We 
kept equal concentrations of all other non- 
essential amino acids and non-BCAA essen- 
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tial amino acids across diets, which allo ne 
us to avoid confounding effects of ger. — 
amino acid deficiency (Fig. 1A) (27). This led to 
diets of slightly different caloricity. However, 
caloric content is less impactful than dietary 
composition in modulating life span, and 
subsequent experiments ruled out differences 
in calories as a cause of the dietary effects we 
observed (2). 

Dietary BCAA concentration modulated fly 
life span (79, 22) (Fig. 1B). Life-span extension 
was greater in female flies and was maximized 
on a diet containing roughly one-third of the 
BCAA content of the reference diet, which is 
consistent with similar effects observed with 
dilution of the standard laboratory diet (Fig. 

1, B and C, and fig. S1A) (2, 3). We focused our 
investigation on female flies because of their 
heightened life span and neuronal responses 
to protein availability (23, 24). We chose two 
diets, hereafter termed “low BCAA” (8 mM , 
BCAAs/5.6% w/v total amino acid) and “high 
BCAA” (44 mM BCAAs/7.2% w/v total amino 
acid), to investigate in detail. 

Variation in the dietary BCAAs also modulated 
food intake. We used a method that determines 
how much volume a group of flies consume in 
24 hours (termed “Con-Ex” for Consumption- 
Excretion) (25, 26). Flies on low-BCAA diets 
consumed more food volume than those on 
high-BCAA diets (Fig. 1D, left panel). This ap- 
peared to be due to an increase in food intake * 
by flies on low-BCAA diets rather than a de- 
crease by flies on high-BCAA diets because 
food intake was also increased compared with 
that of flies fed the RD (fig. SIB). Differences 
were unlikely to be a result of food taste; flies 
carrying a mutation in the transcription factor 
Pox-Neuro (Pox), who fail to develop chemo- 
sensory bristles and thus have extreme deficits 
in chemosensation (27, 28), also consumed 
more food on low-BCAA diets (Fig. 1D, right + 
panel). Increased volume intake by flies on ‘ 
low-BCAA diets resulted in significantly higher 
caloric intake (Fig. 1E) but in similar amounts 
of total amino acids (micrograms per fly) eaten 
between flies fed low- or high-BCAA diets (Fig. 
1F, left panel), whereas BCAA intake was sig- 
nificantly reduced (micrograms per fly) for flies 
fed the low-BCAA diet (Fig. 1F, right panel). 
Thus, flies fed our low-BCAA diet consumed 
more calories and similar amounts of total 
amino acids yet lived significantly longer. 


Dietary BCAAs influence hunger states 


The relative increase in food intake we observed 
for flies fed low-BCAA diets led us to specu- 
late that reducing dietary BCAAs promoted a 
heightened and persistent state of hunger. 
Measuring hunger can be challenging in a 
simple model system; animals eat for many 
reasons, and total food intake on homoge- 
nous mixtures of nutrients may not be as in- 
dicative of hunger levels as feeding paradigms 
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Fig. 1. Hunger extends life span independent of appetite in dietary and genetic 
models of hungry flies. (A) Schematic (left) and relative composition (right) of exper- 
imental diets. Details can be found in tables S1 and S2 and methods. Yaa, baseline 
diet as in (20); RD, reference diet, containing 51.36g/L carbohydrate, 34.9g/L 
nonessential amino acids, 22.56g/L non-BCAA essential amino acids, and 
12.39g/L BCAAs. (B) Life span of female Canton-S flies on diets of indicated 
BCAA concentration (log-rank test, P-values derived by comparison to RD, n = 159 
to 172). (C) Life span of Canton-S flies on low- or high-BCAA diets (log-rank test, 
n= 173 to 175). (D to F) 24-hour Con-Ex measurement of w' or PoxNV flies on 
indicated diets. Volume (D), kcal (E), and total or BCAA-only amino acid intake (F) (two- 
tailed Student's t-tests, n = 10 flies per treatment). (G@) Schematic of FLIC experimental 
designs used in (H and I) (top panel) and (K) (bottom panel). (H) FLIC interactions 

in common garden [one-way analysis of variance (ANOVA) with Tukey's post hoc, 

two experimental replicates are pooled, n = 52 to 55 flies per treatment]. (1) Con-Ex 
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measurement of volumetric intake during the refeeding period (two-tailed Student's 
t-test). (J) Con-Ex measurement on diets with individual BCAA reductions (one-way 
ANOVA with Tukey's post hoc, n = 8 to 18 flies per treatment). (K) FLIC interactions in 
food choice environment [2% sucrose or (2% yeast + 1% sucrose)] after refeeding 
SY food + 1% isoleucine (two-way ANOVA with Tukey's post hoc, 3 experimental 
replicates are pooled, n = 59 to 60 flies per treatment). (L) Life span of Canton-S 
flies on RD, low-BCAA, or low-isoleucine diets (log-rank test, P-values derived by 
comparison to low-BCAA diet, n = 171 to 177). (M to N) Con-Ex and life-span 
measurements of flies carrying RSOHO5-GAL>UAS-CsChrimson or RS0HO5-GAL4/w-; 
CS controls exposed to red light for 12 hours per day or kept in constant darkness. 
(M) 24-hour Con-Ex measurement (two-way ANOVA with Tukey's post hoc, n = 5 

to 10 flies per treatment). (N) Life-span measurement (log-rank test, n = 101 to 123). All 
FLIC data are expressed as box-cox transformation to the 0.25 power to achieve normality. 
*P < 0.05, **P < 0.01, ***P < 0.001. Error bars represent the mean + SEM. 
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that quantify precisely when and how often 
individual animals interact with food sources 
(6, 13, 17, 29, 30). We therefore devised a re- 
feeding assay to determine how BCAAs influ- 
ence hunger. In this refeeding paradigm, flies 
deprived of food for 20 hours were refed a 
3-hour bolus of test food, such as low- or high- 
BCAA, and then placed into a common sucrose 
and yeast food environment (termed “com- 
mon garden”) where we measured food inter- 
actions using the Fly Liquid Food Interaction 
Counter (FLIC) (37) (Fig. 1G, Experiment 1, top 
panel). We reasoned that if BCAAs did in- 
fluence a state of hunger, then manipulating 
their concentration in the test food during 
refeeding would alter food interactions in the 
common garden. 

Flies refed a low-BCAA food subsequently 
interacted more often with the sucrose and 
yeast food in the common garden than did flies 
refed a high-BCAA food and, in fact, interacted 
as frequently as did flies that had not been refed 
at all (Fig. 1H). This was not due to a reduction 
in total calories or amino acids consumed dur- 
ing the refeeding period: flies ingested signifi- 
cantly more food volume and also more calories, 
as measured by Con-Ex, when refeeding on a 
diet of low-BCAAs than they did when refeeding 
on a high-BCAA diet (Fig. 1D, although total 
amino acid intake (micrograms per fly) was 
indistinguishable from that of flies refed high 
BCAAs, and BCAA consumption (micrograms 
per fly) was significantly lower (fig. SIC). 

Although the three BCAAs are commonly 
investigated together because they share sim- 
ilarities in their biochemical structures and 
functions, we tested them individually for their 
role in promoting feeding. We measured food 
intake after reduction of each BCAA from 
the high-BCAA diet and found that decreasing 
isoleucine, but not valine or leucine or other 
pairwise combinations of amino acids, was re- 
quired to increase feeding (Fig. 1J and fig. S1, 
D and E). Reducing dietary isoleucine increased 
the total calories consumed (fig. SIE) and was 
the only dietary manipulation that we observed 
as sufficient to promote increased total amino 
acid intake (fig. SID). Furthermore, increasing 
isoleucine alone from our low-BCAA diet to 
match the concentration in our high-BCAA diet 
was sufficient to decrease food intake (Fig. J), 
demonstrating that isoleucine acts as a dietary 
signal to modulate feeding. 

Having established that isoleucine was suffi- 
cient to modulate volumetric food intake, we 
used our refeeding paradigm to test whether 
hunger for specific nutrients was affected by 
this amino acid. Choices between carbohydrate- 
or protein-rich food are thought to be tuned by 
increased protein demand in starved animals, 
who exhibit increased interactions with protein- 
rich food compared to carbohydrate-rich food, 
and to serve as a useful proxy for measuring 
protein-specific hunger (37-33). We reasoned 
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that if isoleucine has a specific influence on 
protein hunger, then manipulating its con- 
centration in the test food during refeeding 
might alter future choices between protein or 
carbohydrate food during the subsequent as- 
sessment period. We allowed flies to refeed 
for three hours on either conventional 10% 
sugar and yeast food or the same food to which 
we added 1% isoleucine. We then measured over 
the next 24 hours the frequency of individual 
fly interactions with either carbohydrate- or 
protein-rich food in a choice environment (Fig. 
1G, Experiment 2, bottom panel). Control flies 
that were refed conventional sugar and yeast 
food exhibited more interactions with protein- 
rich food compared with the carbohydrate- 
rich food, establishing that the three hours of 
refeeding before the test period were insuffi- 
cient to fully satiate the animals and that they 
maintained a heightened protein drive (Fig. 1K, 
top). On the other hand, flies that were refed 
food with added isoleucine had statistically in- 
distinguishable interactions with carbohydrate- 
rich compared to protein-rich food (Fig. 1K, 
bottom). Thus, amounts of dietary isoleucine 
modulate protein-specific appetite, suggesting 
that our low-BCAA diet promoted a height- 
ened state of hunger, perhaps by influencing 
protein drive. 


Hunger states influence life span 


We then tested whether restriction of isoleucine 
alone could increase life span. We reduced all 
BCAAs or just isoleucine from our reference 
diet and found that limitation of isoleucine 
(but not valine or threonine) was sufficient to 
extend life span to a similar degree as reducing 
all BCAAs, despite increased intake of calories, 
total amino acids, and carbohydrates (Fig. 1L 
and fig. SIF). Thus, the motivational state of 
hunger itself, rather than the availability or 
energetic characteristics of the diet, might 
slow aging. Further support for this idea was 
provided by the observation that our diets had 
no significant effects on egg laying, activity lev- 
els, triglyceride and protein levels, activation 
of mTOR/AKT pathways, or extension of life 
span upon dietary restriction (fig. $2, A to F), 
which are commonly associated with ma- 
nipulations that modulate life span through 
changes in nutrient availability or toxicity. 
To determine whether hunger itself might 
slow aging, we sought a way to induce it in- 
dependent of dietary manipulations and ex- 
amine its effect on life span. Several populations 
of neurons have been found to stimulate hunger- 
driven behaviors in the fly (34). Of these, the 
activity of one population seems to encode 
the motivation to feed, rather than behaviors 
associated with feeding (35). These neurons 
can be manipulated using the Gal4 transgenic 
driver line, R50HO5-GALA, which labels 80 neu- 
rons in the central brain. Using the Gal4/UAS 
system, we expressed the red light-sensitive 
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cation channel UAS-CsChrimson to create flies 
in which R50HO05 hunger neurons were op- 
togenetically activated at will to artificially 
generate hunger. These flies consumed twice 
as much food as did flies of the same genotype 
that were kept in the dark or that expressed an 
activity-inhibiting green light-sensitive opsin 
channel (GtACR), consistent with prior re- 
ports (Fig. 1M). Inducing a heightened state of 
hunger by activating these neurons for 12 hours 
each day extended life span relative to that of a 
genetic control strain. This was not observed 
in flies maintained in constant darkness, where 
flies are slightly longer-lived in general, a known 
phenomenon that has been previously reported 
(36) (Fig. 1N, fig. $3). Thus, hunger itself may 
slow aging. 


Molecular encoding of hunger by neuronal 
histone modifications 


We explored the molecular interactions be- 
tween BCAAs, hunger neurons, and the brain 
to determine how hunger might be molecu- 
larly encoded. Alterations in histone proteins 
are involved in the generation of motivated 
behaviors, are a hallmark of aging, and are reg- 
ulated by nutrients (37-40). Furthermore, his- 
tone acetylation is especially sensitive to the 
availability of dietary nutrients that generate 
acetyl-CoA, and metabolism of BCAAs produces 
this substrate (47, 42). 

We examined whether dietary BCAAs influ- 
enced histone posttranslational modifications 
(PTMs). Histone H3 abundance and histone 
H3K9 acetylation was significantly decreased 
in fly heads within one week of feeding a low- 
BCAA diet (Fig. 2A). H3K27 acetylation, but 
not H3K9 methylation, was also slightly re- 
duced when flies were fed low-BCAA diets. 
Effects of dietary BCAAs on histone PTMs and 
total histone H3 were abrogated by feeding 
flies the histone deacetylase inhibitor, sodium 
butyrate (Fig. 2C). Histone H3 abundance de- 
creased in heads and brains from flies on low- 
BCAA diets, although H3 mRNA was increased 
(Fig. 2, A to C, and fig. S4). Histone H4 did not 
change between diets (Fig. 2D). Inducing hunger 
independent of diet by activation of R50H05 
hunger neurons also reduced histone H3 abun- 
dance in fly heads (Fig. 2E) and adding ad- 
ditional isoleucine to a low-BCAA diet partially 
recapitulated the effects of BCAAs on histone 
H3 abundance, suggesting that histone mod- 
ifications may be correlated with one or both 
hunger phenotypes (Fig. 2D). 

Because abundance of H3 mRNA increased 
but protein abundance decreased in animals 
on low-BCAA diets, we tested whether BCAAs 
might influence turnover of histone H3. In the 
brain, histone H3 is marked for eviction from 
chromatin by acetylation marks and can be 
replaced by the histone variant H3.3 (43, 44). 
This variant is thought to accumulate in re- 
gions of actively transcribed chromatin (45). 
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(C) Western blots for histone PTMs 
in Canton-S heads after exposure to 


used per biological replicate, n = 4 to 5 


H3.3 was transcriptionally increased in the 
heads of flies fed low-BCAA diets (Fig. 3A). To 
visualize the incorporation of histone H3.3 
into neuronal chromatin, we used the inducible 
pan-neuronal driver Nsyb-GeneSwitch-GAIA, 
which allowed for the expression of an H3.3- 
GFP transgene to be pulsed and visualized by 
addition of the drug RU486 to food and chased 
after removal of RU486 (43). We observed 
higher H3.3-GFP signal in fly brains after one 
week of feeding on low- versus high-BCAA 
diets, indicating an increase in its stability or 
persistence in chromatin (Fig. 3B, lower panel; 
quantified in Fig. 3D), which seemed to be 
not attributable to changes in initial H3.3-GFP 
incorporation (Fig. 3B, top panel; quantified 
in Fig. 3C). We observed no differences in 
total ubiquitin levels, suggesting that protein 
degradation more generally was unaffected 
(Fig. 3D). However, more sensitive techniques 
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biological replicates). Error bars represent the mean + SEM. 


a H3K27ac 


to assess protein degradation rates may be 
required, and thus we cannot completely rule 
out the possibility that bulk differences in deg- 
radation are present. 

To determine whether the observed differ- 
ences in histone acetylation or variant usage 
were required for feeding or life span differ- 
ences between the diets, we tested the effects 
of inhibition of histone deacetylases (HDACs), 
which prevented diet-dependent differences 
in histone acetylation and total histone H3 
(Fig. 2C). Feeding flies the HDAC inhibitor 
sodium butyrate for one week abrogated in- 
creased feeding on low-BCAA diets, indicating 
that the histone acetylome could either encode 
hunger itself or be a permissive response to 
hunger that modulates feeding (Fig. 3E). To 
distinguish between these possibilities, we fed 
flies HDAC inhibitors for life (Fig. 3H) or re- 
moved the histone deacetylase Rpd3 using 
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the loss-of-function mutant Rpd3”"4 (Fig. 31) 
(46, #7) and found that both manipulations 
slightly extended the median life span of flies 
on high-BCAA food. Modulation of histone 
acetylation therefore influences both feed- 
ing and life span, supporting the idea that the 
histone acetylome might influence hunger 
rather than feeding per se (Fig. 3H). We also 
tested whether incorporation of histone variant 
H3.3 was required for the effects of hunger on 
feeding and life span by using pan-neuronally 
expressed RNAi to deplete the protein chap- 
erone Hira, which is required for the exchange 
of H3 for H3.3 (48). This also abolished in- 
creased feeding on a low-BCAA diet (Fig. 3F) 
but had no effect on life span (Fig. 3G). Dif- 
ferential usage of histone H3/H3.3 therefore 
appears to be required for modulating feed- 
ing in response to hunger but is dispensable 
for hunger’s effects on life span. 
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Fig. 3. Utilization of the histone variant A 
H3.3A in the brain is modulated by 

BCAAs to stimulate feeding but is not 
required to extend life span. (A) RT- 

qPCR of relative mRNA abundance of 

H3.3A in Canton-S heads after 5 to 7 days 

on BCAA diets, values normalized to 
low-BCAA treatment (one-way ANOVA; 

10 heads were used per biological 

replicate, 3 experimental replicates are c 
pooled, n = 12 to 13 biological replicates 

per treatment). (B to D) Pulse-chase 
of fluorescently labelled H3.3A in brains 
(B) or heads (C and D) of flies carrying 
Nsyb-GeneSwitch-GAL4>H3.3A-GFP on 
BCAA diets. (B) Representative confocal 
images of brains immediately following 
the 2-day pulse of H3.3A-GFP induced by 
BCAA food + RU486 (top panel) and 
1 week after the pulse (bottom panel). 
Scale bar 100 pm. (C) Western blots 
of H3.3A-GFP (predicted molecular 
weight = 42 kDa) and histone H3 following 
the 2-day pulse of H3.3A-GFP induced 

by BCAA food + RU486, quantified in 
bottom panel and normalized to low-BCAA 
treatment (one-way ANOVA; 10 heads 
were used per biological replicate, n = 4 
biological replicates per treatment). (D) 
Western blots of H3.3A-GFP (one-way 
ANOVA), histone H3 (one-tailed Student's 
t-test), and ubiquitin (one-way ANOVA, 

P = 0.571) 1 week after the H3.3A-GFP 
pulse, quantified in bottom panel and 
normalized to low-BCAA treatment 

(10 heads were used per biological 
replicate, n = 3 biological replicates per 
treatment). (E) Con-Ex measurement 

of 24-hour food intake after 5 days on G 
BCAA diets + 100 mM sodium butyrate 
(two-way ANOVA with Tukey's post hoc). 

(F) Con-Ex measurement of 24-hour 

food intake after 5 to 7 days on BCAA 

diets from flies carrying Nsyb-GAL4>UAS- 

HIRA RNAi or controls (Nsyb-GAL4/w-;CS 

and UAS-HIRA RNAi/w-;CS) (two-way 

ANOVA with Tukey's post hoc, 3 experi- 
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(log-rank test, n = 184 to 202). (H) Life span of flies on BCAA diets + 100 mM sodium butyrate (log-rank test, n = 186 to 196). (I) Life span of flies heterozygous for a 
null mutation in Rod3 or w-;CS controls on BCAA diets (log-rank test, n = 85 to 105). ***P < 0.001. Error bars represent the mean + SEM. 


Metabolic intermediates link BCAAs to feeding 
and life span 

BCAAs are unusual amino acids because in mam- 
malian systems they bypass metabolism in the 
liver and are instead metabolized in target 
tissues by the enzymes branched-chain amino- 
transferase (BCAT) and branched-chain alpha- 
ketoacid dehydrogenase (BCKDH) (42, 49, 50). 
BCAT mRNA abundance was decreased in the 
heads of flies fed low-BCAA diets (Fig. 4A). 
Depletion of BCAT, a homolog of mammalian 
BCAT2, with the pan-neuronal Nsyb-GAL4 driver 
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reduced histone H3 abundance to similar levy- 
els on both diets (Fig. 4B). The Fly Cell Atlas 
indicates that BCAT is expressed in the ~80 
neurons that also coexpress the promoter used 
to label R50H05 hunger neurons (57) (fig. S5). 
RNAi-mediated BCAT depletion only in the 
R50H05 hunger neurons eliminated the effect 
of low-BCAA diets to reduce histone H3 and 
reduced the magnitude of the effect on reduc- 
tion of H3K9ac (Fig. 4C). It also decreased diet- 
dependent differences in life span by significantly 
extending the life span of flies on high-BCAA 
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diet (Fig. 4D). This is unlikely to be a result of 
deficiencies in neuronal activity upon deple- 
tion of BCAT because optogenetic inhibition of 
the R50H05 hunger neurons had no effect on 
the life span of flies fed high-BCAA diets (fig. 
S6). These findings indicate that R50H05 hun- 
ger neurons require BCAT, possibly to use 
BCAA metabolites to modulate aging through 
a mechanism that does not require neuronal 
depolarization. However, BCAT depletion in 
hunger neurons, rather than reduce feeding 
differences between diets, seemed to do the 
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Fig. 4. Hunger neurons use BCAA 
metabolism to regulate histone abun- 
dance and modulate life span inde- 
pendent of feeding. (A) RT-qPCR 
quantification of relative mRNA abundance 
of BCAT (CG1673) in Canton-S heads 
after 5 to 7 days on BCAA diets, values 
normalized to low-BCAA treatment 
(one-way ANOVA, 10 heads were used per 
biological replicate, n = 5 to 6 biological 
eplicates). (B) Western blot of histone H3 
in heads of flies carrying Nsyb-GAL>UAS- 
BCAT RNAi or control (Nsyb-GAL4/w-;CS), 
quantified in right panel and normalized to 
jow-BCAA treatment within genotypes 
(two-way ANOVA with Tukey's post hoc, 
n = 2 biological replicates per treatment). 
(C) Western blots of histone H3 (3 experi- 
mental replicates were pooled, n = 5 
biological replicates per treatment) and 
H3kKQac (n = 2 biological replicates per 
treatment) in heads of flies carrying 
R50H05-GAL4>UAS-BCAT RNAi or 
control (R50HO5-GAL4/w-;CS), quanti- 
fied in right panel and normalized to 
low-BCAA treatment within genotypes 
(two-way ANOVA with Tukey's post hoc; 
10 heads were used per biological 
replicate). (D) Life spans of flies carrying 
R50H05-GAL4>UAS-BCAT RNAi or 
controls (RSOHO5-GAL4/w-;CS or UAS- 
BCAT RNAi/w-;CS) on low- or high-BCAA 
diets (log-rank test, n = 91 to 100, ***P < 
0.001). (E) Con-Ex measurement of 
24-hour food intake after 5 days on BCAA 
diets in flies carrying RSOHO5-GAL4>UAS- 
BCAT RNAi or controls (RS0HO5-GAL4/w-;CS 
or UAS-BCAT RNAi/w-;CS) (two-way ANOVA, 
n=5to7 flies per treatment). Error 

bars represent the mean + SEM. 
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opposite by increasing the magnitude of the 
difference (Fig. 4E). These results indicated 
complexity in the circuits that increase feed- 
ing and modulate aging in response to hunger 
and reinforce the notion that they are, at least 
in part, anatomically distinct. 


Considerations on the divergence 

of mechanisms linking hunger with 

feeding and aging 

A subset of the R50H05 hunger neurons produce 
the neuromodulator serotonin and express the 
genes Trh and Henna, which encode trypto- 
phan hydroxylase and tryptophan phenylala- 
nine hydroxylase, respectively, that function 
as key modulatory steps in serotonin synthe- 
sis. Expression of both genes was significantly 
increased in the heads of flies that were BCAA- 
restricted (Fig. 5A). The low-BCAA diet also 
increased antibody staining of serotonin in 
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lateral protocerebrum (PLP) cluster, a subset of 
the R50H05 hunger neurons (Fig. 5, B and C, 
quantified in D). Given that inhibition of BCAT 
in the R50H05 neurons seemed to slightly ex- 
acerbate the feeding differences in our BCAA diets 
and that serotonin can either promote or sup- 
press feeding depending on which serotonergic 
neurons are manipulated (35), we tested whether 
BCAT depletion in the serotonergic network 
more broadly may produce opposite effects on 
feeding compared with what we observed 
after BCAT depletion in the R50H05 subset. 
We used the Trh-GAL4 driver, which is puta- 
tively expressed in all serotonergic neurons 
of the central nervous system, to target de- 
pletion of BCAT in these cells. This manipula- 
tion decreased feeding overall and prevented 
increased feeding on low-BCAA diets, indicat- 
ing that BCAA metabolites may have variable 
effects on distinct populations of neurons to 
regulate feeding and aging (Fig. 5E). We found 
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further support that BCAAs may have spatially 
restricted effects in the observation that tran- 
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scriptional profiling of whole brains from flies . 


fed RD, low-BCAA, or high-BCAA (fig. S7) showed 
no obvious separation of brain-wide transcrip- 
tional profiles, although we identified many 
differentially expressed genes (fig. S7B). This 
reinforces the notion that neuronal effects of 
BCAAs may differ between distinct popula- 
tions of neurons. 

Intrigued by the possibility that hunger ef- 
fects on feeding and aging may be regulated 
by partially distinct pathways, we questioned 
whether some of this complexity might result 
from the time scale on which they occur. Al- 
though we consider life span to be an outcome 
of chronic dietary effects, measurements of 
feeding quantify more acute responses that 
may or may not be stable over longer time pe- 
riods. The increased feeding on low-BCAA food 
that was present after five days on the diet 
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Fig. 5. Spatially and temporally distinct processes link hunger to feeding 
and aging. (A) RT-qPCR quantification of relative mRNA abundance of Trh 
and Tph in Canton-S heads after 5 to 7 days on BCAA diets, values are normalized 
to low-BCAA treatment (one-way ANOVA; 10 heads were used per biological 
replicate, n = 6 biological replicates per treatment). (B to D) Immunostaining for 
serotonin in PLP neuron cell bodies in flies carrying RSOHO5-GAL4>UAS-GTACR. 
eYFP after 5 to 7 days on BCAA diets. (B) Maximum intensity projection of 

ten 1.5-um stacks highlighting the PLP neurons (white box) in the posterior fly 
brain. Scale bar 100 um. (C) Representative confocal images of immunostaining 
for serotonin in PLP neurons of flies carrying RSOHO5-GAL4>UAS-GTACR.eYFP 
(green, nc82; magenta, serotonin; blue, DAPI; scale bar = 10 um). Images 

are maximum intensity projections of ten 1.5-um stacks through the PLP 
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neurons (D) Quantification of (C) as described in Methods (one-way ANOVA, 

3 experimental replicates are pooled, n = 5 to 7 brains per treatment). (E) Con-Ex 
measurement of 24-hour food intake after 5 days on BCAA diets in flies 
carrying Trh-GAL4>UAS-BCAT RNAi or control (Trh-GAL4/w-;CS) (two-way 
ANOVA, n = 5 flies per treatment). (F to G) Con-Ex measurement of 24-hour food 
intake after 5 days or 2 weeks on BCAA diets in Canton-S flies; volume 

(F) and total amino acid intake (G) (two-tailed Student's t-tests, n = 8 flies 

per treatment). (H) Western blots of histone H3 and H3k9ac in heads of Canton-S 
flies after 5 days versus 2 weeks on BCAA diets, quantified in right panel 
(one-tailed Student's t-tests, 10 heads were used per biological replicate, 

2 experimental replicates are pooled, n = 3 to 5 biological replicates per treatment). 
Error bars represent the mean + SEM. 
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receded after two weeks (Fig. 5F), resulting in 
reduced amino acid intake overall (Fig. 5G). 
Changes in brain histone acetylation observed 
after 5 days were also reversed or eliminated 
after two weeks on the diet (Fig. 5H). Thus, flies 
on low-BCAA diets presumably adapt to their 
food environment in a way that decreases the 
amount of protein they require, which may re- 
duce hunger and have beneficial consequences 
for aging (see model, fig. S8). 


Discussion 


We present behavioral and molecular evidence 
consistent with the ideas that the neural state of 
hunger modulates aging and that this motiva- 
tional state is molecularly encoded by patterns 
of neuronal histone modifications. Increased 
feeding and extended life span are consequences 
that seem to be orchestrated by downstream 
responses to hunger. Our findings—that dietary 
BCAAs modulated use of the histone variant 
H3.3, that this was required for increasing 
feeding but dispensable for increasing life span, 
and that distinct populations of serotonergic 
neurons require BCAA metabolism to modu- 
late either feeding or aging—all indicate that 
various neurons use different strategies to 
generate responses to hunger, but all seem to 
involve modifications to histone proteins. Such 
complexity is consistent with emerging re- 
ports of interactions between metabolism and 
histone modifications that are driven in part 
by specialized enzymes that reside in distinct 
cellular compartments and in some cases dis- 
tinct nuclear subcompartments (52-54). In 
C. elegans, H3.3 is important for engaging 
transcriptional networks that underlie neuro- 
nal plasticity in response to environmental ma- 
nipulations (55, 56). Perhaps neuronal plasticity 
is one strategy used by circuits that promote 
feeding to generate behavioral responses to 
hunger. In Drosophila, protein appetite requires 
plastic changes in a dopaminergic circuit, al- 
though a role for histone variant usage in this 
process has not been determined (33). Thus, 
the cell-type specificity of the usage of histone 
variant H3.3 and the genomic loci to which it 
is targeted in response to dietary BCAAs re- 
main unknown. 

The observation that limitation of BCAAs 
acutely increased appetite but that this even- 
tually subsided indicates that hunger may act 
as an allostatic stressor that acutely increases 
feeding whereas chronic hunger may promote 
physiological changes that lower a set point 
around which appetite is regulated (57, 58). 
It might be this adaptive response, mediated 
by modifications to histone proteins in dis- 
crete neural circuits, that slows aging. This 
idea is consistent with several dietary manip- 
ulations that are known to extend life span: 
Low protein diets (and methionine restriction 
in particular) generate protein-specific appe- 
tites and intermittent fasting paradigms puta- 
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tively increase the frequency with which an 
animal experiences hunger without affecting 
total caloric intake (5, 59-63). 

Our data support a role for the modification 
of histone proteins as a link between hunger, 
feeding, and aging. In the brain, transcrip- 
tional changes occur in response to dietary 
manipulations; however, analysis of single 
“longevity genes”—the list of which is con- 
tinually growing—is typically insufficient to 
generalize about how diet modulates aging. 
The effects could require a cell-type-specific 
overhaul of transcriptional programming that 
occurs in specialized hunger neurons, includ- 
ing the R50H05 neurons described here (64-66). 
In this view, patterns of histone modifications, 
gene expression profiles that determine cell 
identity, and intracellular signaling pathways 
that detect peripheral hunger information, con- 
verge to determine transcriptional states which, 
although they are most often studied in the con- 
text of neuronal-fate determination, may also 
tune neuronal states in response to dietary or 
other environmental manipulations (67, 68). 
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ZEOLITE STRUCTURE 


Three-dimensional inhomogeneity of zeolite 
structure and composition revealed by 


electron ptychography 


Hui Zhang'?>*+, Guanxing Li*t, Jiaxing Zhang’, Daliang Zhang?®, Zhen Chen’, Xiaona Liu®, Peng Guo®, 
Yihan Zhu, Cailing Chen*, Lingmei Liu>®, Xinwen Guo*, Yu Han** 


Structural and compositional inhomogeneity is common in zeolites and considerably affects their 
properties. Thickness-limited lateral resolution, lack of depth resolution, and electron dose-constrained 
focusing limit local structural studies of zeolites in conventional transmission electron microscopy 
(TEM). We demonstrate that a multislice ptychography method based on four-dimensional scanning 
TEM (4D-STEM) data can overcome these limitations. Images obtained from a ~40-nanometer-thick 
MFI zeolite exhibited a lateral resolution of ~0.85 angstrom that enabled the identification of 
individual framework oxygen (0) atoms and the precise determination of the orientations of adsorbed 
molecules. Furthermore, a depth resolution of ~6.6 nanometers allowed probing of the three-dimensional 
distribution of O vacancies, as well as the phase boundaries in intergrown MFI and MEL zeolites. 
The 4D-STEM ptychography can be generally applied to other materials with similar high 


electron-beam sensitivity. 


eolites are aluminosilicate microporous 

crystals with regular intracrystalline cavi- 

ties and channels of molecular dimen- 

sions. The molecular sieving ability of 

zeolites renders highly desirable size 
and shape selectivity for adsorption, separa- 
tion, and catalysis (J-4). However, the com- 
plexity of zeolite structures makes them prone 
to structural and compositional inhomoge- 
neity that can profoundly affect their proper- 
ties. For example, the precursors and synthetic 
conditions affect the location and distribu- 
tion of functional sites (such as Al pairs and 
heteroatoms) in the zeolite framework (5). 
Postsynthesis calcination generates oxygen 
(O) vacancies to render Lewis acid sites in an 
uncontrolled manner (6, 7). The intergrowth 
of multiple polymorphs and various phases 
is common in zeolite crystals (8-10). The prev- 
alence of inhomogeneity explains why zeo- 
lites with the same topology and composition 
prepared from different batches often exhibit 
variability in applications (JJ, 12). 

Although inhomogeneity in zeolites has been 
widely recognized, the precise determination 
of the related local nonperiodic structures re- 
mains challenging given the lack of suitable 
characterization techniques. For instance, 
the electron-beam sensitivity of zeolites limits 
the use of transmission electron microscopy 
(TEM) to study their structures (13-15) because 


the low-electron doses required to prevent 
structural damage to zeolites often result in 
images with limited resolution and poor signal- 
to-noise ratios. New imaging methods that use 
electron doses more efficiently are needed to 
mitigate this issue (16, 17). 

Among emerging low-dose TEM techniques, 
integrated differential phase-contrast scan- 
ning TEM GGDPC-STEM) has proven effective 
for imaging zeolite structures, especially for 
studying guest species located in the micro- 
pores (78-20). Despite the demonstrated suc- 
cesses, iDPC-STEM has limitations. First, the 
image resolution of iDPC-STEM is severely 
limited by the specimen thickness. For zeo- 
lites, iDPC-STEM can only resolve framework 
T atoms (where T is Si or Al) (strictly speaking, 
atomic columns) but not the O atoms between 
them unless the specimen thickness is within 
a few unit cells (<10 nm), which is extremely 
rare in actual samples. Second, like other con- 
ventional TEM imaging modes, iDPC-STEM 
lacks resolving power along the projection 
direction and cannot identify longitudinal 
structural inhomogeneity inside the specimen. 
Third, iDPC-STEM requires precise focusing 
of the electron beam to achieve high resolu- 
tion, which could lead to a lower success rate 
for beam-sensitive materials because struc- 
tural damage may occur during the fine-tuning 
of the focus. 


Here, we demonstrate that electron ptychc 


Che 
u 


0 


Cc 


phy (27-26) can address these problems \..—— 


achieve subangstrom resolution to resolve in- 
dividual O atomic columns in various zeolites 
with specimen thicknesses up to ~40 nm, 
which has not been reported with other direct- 
imaging techniques. Electron ptychography 
is a coherent diffractive imaging method that 
uses a Series of convergent-beam electron 
diffraction patterns, commonly referred to as 
four-dimensional STEM (4D-STEM) data, to 
generate high-resolution images. The identifi- 
cation of O atoms enabled a semiquantitative 
analysis of the three-dimensional (3D) distribu- 
tion of O vacancies throughout the zeolite spec- 
imen. Furthermore, 4D-STEM ptychography 
provided ~6.6-nm depth resolution to reveal 
the growth mode of MEL zeolite domains along 
the 0 axis of the MFI zeolite. In addition, acquir- 
ing a 4D-STEM ptychography dataset did not 
require precise focusing of the electron probe, 
which considerably improved the efficiency of 
obtaining atomic-resolution phase-contrast 
images of zeolites and other beam-sensitive 
materials. 


Comparison of iDPC-STEM and 

4D-STEM ptychography 

Image simulations were first performed to 
demonstrate the superiority of 4D-STEM 
ptychography over iDPC-STEM, the state-of- 
the-art technique for zeolite imaging. A series 
of 4D-STEM datasets were simulated for [010]- 
projected zeolite ZSM-5 by varying the specimen 
thicknesses and convergence angles (see mate- 
rials and methods for details). Ptychography 
and iDPC-STEM images were calculated from 
each dataset. Regardless of the convergence 
angle, when the sample thickness exceeded 
12 nm, iDPC-STEM images started to deviate 
from the structural model and became diffi- 
cult to interpret. By contrast, ptychography 
images were robust, displaying substantial 
tolerance for variation of up to 40 nm in spec- 
imen thickness (Fig. 1A and fig. S1). 

We verified the advantage of ptychography 
experimentally using specially synthesized 
ZSM.-5 zeolite crystals. These ZSM-5 crystals 
had a highly uniform thickness of 30 to 40 nm 
along the b axis, as evidenced by multiple 
characterizations (fig. S2), which allowed 
a reasonable comparison between iDPC- 
STEM and ptychography. The iDPC-STEM 
images were acquired using conditions 
optimized for zeolite imaging (convergence 
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semiangle: 15 mrad; probe current: 2 pA; dwell 
time: 10 ps; pixel size: 0.380 A by 0.380 A), 
with a total electron dose of ~900 e/A”. The 
4D-STEM datasets were collected by using a 
high-performance hybrid electron microscope 
pixel array detector (EMPAD) with a probe 
current of ~0.09 pA, scan step of 0.399 A, 
and 256-by-256 probe positions. Limited 
by the EMPAD frame rate (1000 frames/s), 
the specimen was subjected to an electron 
dose of ~3500 e /A? during data acquisition. 
However, this dose was still low enough to 
preserve the structure of ZSM-5. The iterative 
ptychographic reconstruction used the maxi- 
mum likelihood (ML) method to update the 
exit wave function and the linear least squares 
(LSQ) method to update the object and probe 
functions (27, 28). Multislice (29) and mixed- 
state (30) algorithms were implemented to 
address the multiple scattering associated 
with thick specimens and the partial inco- 
herence of electron probes, respectively. Suc- 
cessful reconstruction at low-dose conditions 
relies on the best possible initial guess for 
the probe function, which can be facilitated 
by minimizing aberrations using the data ac- 
quisition strategy described in fig. S3. 
Unambiguous identification of O in the zeo- 
lite framework requires a resolution near 1 A 
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and good image contrast, which is rarely achiev- 
able with iDPC-STEM, given its sensitivity to 
sample thickness and time-constrained fo- 
cusing unless the specimen is extremely thin 
(20). The iDPC-STEM image taken from ~40-nm- 
thick ZSM-5 did not match the [010]-projected 
structural model and is difficult to interpret 
(fig. S4), which is consistent with the simu- 
lation. When the imaging was performed on 
the crystal periphery, where the thickness was 
~10 nm, the acquired iDPC-STEM image re- 
vealed 5-, 6-, and 10-membered rings (MRs) 
surrounded by T atoms; however, the O atoms 
located between the T atoms remained un- 
resolvable (Fig. 1B). 

In the ptychographic phase image of ~40-nm- 
thick ZSM-5 (Fig. 1C), all of the framework 
atoms, including O atoms, are unequivocally 
resolved. This image exhibited high precision 
in matching the projected structural model 
(Fig. 1D) with structural information trans- 
ferred up to 0.85 A, as determined from its 
Fourier transform pattern (fig. S5). By com- 
parison, the highest resolution achieved in 
the STEM imaging of zeolites in the past 
was ~1 A (31). Notably, the 4D-STEM data 
were collected at a high magnification 
after only coarse focusing at low magni- 
fication. Ptychography reconstruction re- 


Fig. 1. Comparison of iDPC-STEM 
and 4D-STEM ptychography. 

(A) Simulated iDPC-STEM (top) and 
4D-STEM ptychography (bottom) 
images of ZSM-5 along the [010] 
axis with varying thicknesses, as 
indicated, under a convergence 
semiangle of 15 mrad. (B) iDPC- 
STEM image of ZSM-5 along the [010] 
axis, with a specimen thickness of 
~10 nm. (C) 4D-STEM ptychography 
image of ZSM-5 along the [010 
axis, with a specimen thickness of 
~40 nm. (D) The [010]-projected 
structural model of ZSM-5. The 
yellow arrows in (C) and (D) indicate 
several O atomic columns in the 
framework, which are not resolved 
in (B). 


vealed that the electron probe was ~35-nm 
defocused (fig. S6), which could not provide 
atomic resolution using conventional STEM 
modes. For beam-sensitive materials, an advan- 
tage of 4D-STEM ptychography is not needed 
to fine-tune the beam focus. 

Similar results were obtained when ZSM-5 
was imaged along the [100] axis. Thin speci- 
mens in this orientation were obtained by 
crushing commercial micrometer-sized ZSM-5 
crystals into small fragments. Although the 
exact specimen thicknesses were unknown, 
we selected the highest-quality iDPC-STEM 
and ptychographic images obtained for com- 
parison (Fig. 2, A and B). In this projection, 
four closely spaced T atomic columns (T-T 
distances: 0.8 to 1.8 A; Fig. 2C) were indis- 
cernible in the iDPC-STEM image (Fig. 2A) but 
were clearly separated in the ptychographic 
image (Fig. 2B), owing to the higher resolution 
achieved by ptychography compared with 
iDPC-STEM (fig. S5). The separation of these 
four atomic columns had not previously been 
achieved by imaging. When used for other types 
of zeolites—such as EMM-17, which has unusual 
11-MR channels—4D-STEM ptychography also 
demonstrated higher resolution than iDPC- 
STEM and the ability to identify framework 
O atoms (Fig. 2, D to F). 
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Resolving adsorbed molecules 

and oxygen vacancies 

We used 4D-STEM ptychography to image ZSM-5 
with adsorbed p-xylene (PX) molecules. The 
reconstructed ptychographic image displays 
rod-like and dot-like contrasts within the 
straight 10-MR channels (Fig. 2G), which are 
typically interpreted as adsorbed aromatic 
molecules in vertical and nearly horizontal 
configurations, respectively (19, 32). However, 
the dot-like contrast is likely caused by the 
projection effect that results from the presence 
of multiple vertically adsorbed PX molecules 
with varying in-plane orientations. Whereas 
previous studies have reported similar obser- 
vations using iDPC-STEM (29, 32), the ultrahigh 
spatial resolution of 4D-STEM ptychography 
allows for more precise determination of the 
molecular orientations. As shown in Fig. 2G, 
the PX molecules pointing to the T atom, the 
O atom, and the middle of the T-O bond were 
all identified. The diverse orientations of ad- 
sorbed molecules imply the presence of com- 
plex host-guest interactions in zeolites that 
are caused by their inhomogeneous chemi- 
cal environments. 
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Interestingly, we observed that the 10-MR 
channels with rod-like contrast displayed a 
more elongated shape (higher ellipticity) com- 
pared with those with dot-like contrast (fig. 
87). This finding suggests that ZSM-5 has a 
flexible framework that can undergo local defor- 
mation in response to guest-molecule adsorp- 
tion. However, we also noted the coexistence of 
10-MR channels with markedly different ellip- 
ticities in pristine ZSM-5 without any adsorbates 
(fig. S8). Thus, although the the observation of 
inhomogeneous channel shape in ZSM-5 is in- 
triguing, a definitive causal relationship between 
channel shape and molecular orientation has 
yet to be established. 

Zeolites have Brénsted and Lewis acidity, 
both of which play vital roles in catalysis. The 
O vacancies generated by framework dehydra- 
tion during high-temperature calcination is gen- 
erally considered to be a major source of Lewis 
acidity, whereas direct observation of O vacan- 
cies in zeolites has not been realized to date. 
The ability of 4D-STEM ptychography to image 
O atomic columns in the zeolite framework 
also enabled the identification of O vacancies. 
To demonstrate this application, we collected 


Fig. 2. Subangstrom imaging 

of zeolites and adsorbates 

using 4D-STEM ptychography. 
(A and B) iDPC-STEM (A) and 
4D-STEM (B) ptychography images 
of ZSM-5 along the [100] axis. 

(C) The [100]-projected structural 
model of ZSM-5. The orange 
ellipses in (A) to (C) highlight the 
same positions, where four closely 
spaced columns of T atoms are 
resolved in (B) but not in (A). 

(D and E) iDPC-STEM (D) and 
4D-STEM (E) ptychography images 
of EMM-17 along the characteristic 
11-MR channel direction (i.e., the 
[001] axis). (F) The [001]-projected 
structural model of EMM-17. The 
yellow arrows in (E) and (F) indicate 
several O atomic columns in the 
framework, which are not resolved 
in (D). (G@) 4D-STEM ptychographic 
image of ZSM-5 with adsorbed PX 
molecules along the straight 10-MR 
channel (i.e., the [010] axis). The 
square regions labeled |, Il, and Ill are 
enlarged on the right to reveal 

the subtly different orientations 

of the PX molecules, as reflected 
by the rod-like contrast in the 
channels. The arrows are used as 
visual guides. 
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4D-STEM data from a ZSM-5 sample with a 
Si/Al ratio of ~100 along the [010] axis and 
reconstructed its phase image using the multi- 
slice ptychography method described above. 
The reconstruction result consists of seven 
slices, each with a thickness of 4 nm (two unit 
cells); thus, the imaged area is ~28 nm thick. 
We precisely identified the T and O atomic col- 
umns in each slice using an image-recognition 
software (see fig. S9), which were subsequently 
used for intensity analysis. 

The intensity distribution of T columns 
plotted from the experimental ptychographic 
image was consistent with the simulation based 
on the defect-free ZSM-5 structure, both of 
which displayed a 3% coefficient of variation 
(Fig. 3A). By contrast, the O columns in the ex- 
perimental ptychographic image exhibited a 
more pronounced intensity fluctuation than 
the simulation result (coefficient of variation: 
7 versus 5%; Fig. 3B), suggesting the presence 
of O vacancies in the actual sample. 

To explore the effect of O vacancies on the 
intensity of O columns, we performed image 
simulations using a series of [010]-projected 
ZSM-5 structural models, which were 4 nm 
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Fig. 3. Identification of O vacancies in ZSM-5. 

(A and B) Intensity histograms of T columns (A) and 

O columns (B) in the experimental (green) and 
simulated (orange) ptychographic phase images; o is 
the standard deviation, and u is the mean. The 
intensities are normalized by u. The statistics are 

based on more than 1000 atoms. (C) Intensity variation 
of 36 O columns in the experimental ptychographic 
images. The image with the atomic index is presented 

in fig. S10. The intensity of each column is normalized 
by the maximum intensity in the 1-nm range. The 

light green region represents the intensity range of the 
O columns in the simulated ptychographic image using a 
vacancy-free model. The light yellow and red regions 
mark the intensity ranges of O columns that contain one 
and two O vacancies within a thickness of 4 nm, 
respectively. The model used for simulation is presented 
in fig. S11, and the intensity data are listed in table S1. 
In the experimental images, the columns with an intensity 
less than than the lower bound of the red region are 
identified as vacancy-containing columns. (D) Distribution 
of O vacancies identified by this method throughout 


€ 

c 

i the investigated region. The red dots represent identified 
— 


columns containing O vacancies. L1 to L7 refer to 
layer 1 to layer 7. 


Fig. 4. Intergrowth of MFI and MEL phases in three 
dimensions. (A) 4D-STEM ptychography image displaying 
extra T atoms (indicated by the magenta arrows) relative 

to the typical MFI framework. The yellow dashed rectangle 
indicates the region analyzed in Fig. 5A. (B) Structural 
projections of straight 10-MR channels of MFI and MEL and 
their superposition. The letters i and m denote inversion and 
mirror symmetry, respectively. (© and D) Second (C) and 
fourth (D) slices of the multislice ptychography reconstruction 
result. Raw images are provided in fig. S16. The entire 
reconstructed volume is presented in movie S1 to display 
slice-by-slice structural changes. (E) At the top is an enlarged 
image from the region in (D) outlined by the yellow dashed 
rectangle, which shows the interface of MFI and MEL within 
the pentasil chain. The middle and bottom panels show a 
structural model of the interface that is viewed along different 
orientations, in which T atoms of MFI and MEL are all kept at 
the interface to demonstrate minimal mismatch. The ellipses 
highlight the columns at the interface. (F) Structural model 

of MFI-MEL intergrowth projected along the c axis. (G) The 
region enclosed by the magenta rectangle in (F) projected 
along the a axis, displaying the disconnected silanol-terminated 
interface perpendicular to the b axis. In (F) and (G), red 

and pink spheres represent O and H atoms, respectively. Green 
and orange spheres represent T atoms in MFI and MEL, 
respectively. 
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Fig. 5. Depth resolution achieved by 4D-STEM ptychography imaging of 
zeolites. (A) Slice-by-slice analysis of the region highlighted by the yellow dashed 
rectangle in Fig. 4A. Each slice is 4 nm thick. The green and orange circles mark 
the T columns in MFI and MEL, respectively. (B) Depth resolution estimation based 
on intensity profiles. Normalized intensities at the two locations indicated by 

the green and orange circles in (A) were extracted from seven successive slices and 
plotted as a function of their depth positions. The intensities were normalized by 
their mean values. The intensity variations at the two locations, represented by green 


thick and contained eight O sites in each O 
column, with varying degrees of O vacancy. The 
results indicated that one O vacancy within 
a thickness of 4 nm could not be reliably de- 
termined because the intensity reduction it 
caused was within the intrinsic intensity fluc- 
tuation of ZSM-5. When two or more aligned 
O vacancies were within a thickness of 4 nm, 
the resulting intensity reduction was sufficient 
for a reliable assignment (Fig. 3C). 

We analyzed the ptychographic image of 
the ~28-nm-thick ZSM-5 slice by slice to ren- 
der a 3D distribution of O vacancies within 
the crystal (Fig. 3D and fig. S12). Based on the 
simulation results (Fig. 3C), we established a 
relative intensity threshold of 81% to identify 
O vacancies. The result revealed that the im- 
aged region of the zeolite contained a O va- 
cancy concentration of ~51 umol/g, with 58% 
of these O vacancies exposed to the straight 
10-MR channels (table S2). It should be noted 
that the concentration of O vacancies obtained 
using this method needs to be treated with 
caution and preferably confirmed by other 
characterization techniques because the re- 
sult is sensitive to the choice of intensity 
threshold. For instance, if a relative intensity 
threshold of 80% is chosen, the concentra- 
tion of O vacancies is ~24 uwmol/g (fig. S13). 
Probe-assisted nuclear magnetic resonance 
(33-35) and infrared spectroscopy of adsorbed 
pyridine (Py-IR) (36, 37) are commonly used 
techniques for identifying and quantifying 
Lewis acid sites in zeolites that are closely 
related to O vacancies. The Py-IR method was 
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Depth position (nm) 


used to determine the concentration of Lewis 
acid sites in the investigated ZSM-5 sample. 
The resulting value was ~35 umol/g (fig. S14), 
which is in reasonable agreement with the 
concentration of O vacancies determined by 
4D-STEM ptychography. 


Intergrowth of MFI and MEL zeolites 


Diffraction-based characterizations have re- 
vealed that ZSM-5 and ZSM-11 often coexist in 
synthetic products because they are similar in 
topology (MFI and MEL, respectively) (38, 39). 
However, it is challenging to determine the 
exact coexistence state, such as whether they 
are mixed or intergrown, and how the minor 
phase is distributed relative to the major phase. 
The only direct evidence for the intergrowth 
of MFI and MEL by electron microscopy was 
obtained from a 2D single-unit cell-thick zeo- 
lite membrane, in which the two phases were 
interconnected along the a axis of MFI, form- 
ing an interface parallel to its c axis (40). How- 
ever, conventional electron microscopy imaging 
has insufficient resolving power in the depth 
direction to explore the 3D intergrowth of 
zeolite crystals. 

We demonstrate that electron ptychography 
provides a solution to this problem through 
the use of a zeolite material containing a pri- 
mary phase, MFI, and concomitant phase, MEL, 
with an overall Si/Al ratio of ~90 (see mate- 
rials and methods for the synthesis method). 
A comparison between experimental powder 
x-ray diffraction (PXRD) and PXRD simula- 


tion based on random-stacking disorder (41) 


2 —__Ref. 43 (Tomo) 


a 


and orange dots, are fitted with the error function. The full width at half 
maximum of the derivative (dashed lines) of the fitted error function is defined 
as the depth resolution. (C) Lateral and depth resolution reported for various 
3D electron microscopy imaging methods. Tomo, Sectioning, Ptycho, and 
Ptycho-Tomo denote tomography, high-angle annular dark-field STEM depth 
sectioning, ptychography, and ptychographic tomography, respectively. The red 
dashed circle indicates the depth resolution of the ptychographic phase image 
that was reconstructed from a simulated 4D-STEM dataset. 


indicated that MEL constitutes 10 to 20% in 
the material (fig. $15). The 4D-STEM ptycho- 
graphic image of this material revealed subtle 
deviations from the typical structural pro- 
jection along the MFI 0 axis, where there 
appeared to be some extra T atoms in the 
pentasil chain (Fig. 4A). The identification of 
extra T atoms indicated the presence of an- 
other structure besides MFI in the projection 
direction. Based on the PXRD results, we spec- 
ulated that the imaged zeolite crystal con- 
tained MFI and MEL structures along the MFI 
b axis. The two structures of the pentasil fam- 
ily differ only in how the pentasil layers are con- 
nected (inversion symmetry for MFI versus 
mirror symmetry for MEL), and their stacking 
along the b axis resulted in a perfect match of 
the structure projection to the ptychographic 
image (Fig. 4B). 

Because the reconstructed ptychographic 
image consisted of seven 4-nm-thick slices, 
a careful slice-by-slice analysis allowed us to 
confirm the intergrowth of MFI and MEL 
along the b axis while probing their interfaces 
in the a-c plane at atomic resolution (movie 
S1). In the first two slices, a narrow MEL do- 
main consisting of only two pentasil chains 
was observed, sandwiched by MFI domains 
(Fig. 4C). In the fourth slice, the MEL domain 
expanded, resulting in the generation of a 
new MFI-MEL interface within the pentasil 
chain (Fig. 4D). These observations confirmed 
that MEL and MFI structures were inter- 
twined in three directions within the crystal. 
Figure 4, C and D, displays how MFI and MEL 
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structures were interconnected in the a-c plane. 
Along the a axis, the two structures were per- 
fectly interconnected by sharing a pentasil 
chain without generating strain or defects, 
which was consistent with the previous obser- 
vation (40). 

The connection of the two structures along 
the ¢ axis (that is, within the pentasil chain) 
could adopt three possible configurations (fig. 
817), of which the one with the least interfacial 
mismatch was observed (Fig. 4E). Although 
the MFI-MEL interface perpendicular to the 
b axis could not be directly observed from 
ptychography given the limited depth reso- 
lution, it could be deduced based on the de- 
termined orientation relationship. When viewed 
along the c axis, the interface displayed alter- 
nating “connected” and “disconnected” re- 
gions along the a axis, each with a width of 
one-half the unit cell parameter a (Fig. 4F 
and fig. $18). The disconnected interface could 
not accommodate additional TO, tetrahedra 
and should be terminated by dangling silanol 
groups (Fig. 4G). 


Depth-resolution analysis 


The depth resolution of 4D-STEM ptychography, 
which is affected by imaging conditions and 
reconstruction parameters, must be determined 
explicitly for a given system. Using the 4D- 
STEM data acquired in this study and the 
LSQ-ML multislice algorithm, the minimum 
slice thickness for stable reconstruction was 
4.nm, which defined the upper limit of depth 
resolution. The distinct structures of the two 
slices separated by 8 nm demonstrate a depth 
resolution better than 8 nm. To more precisely 
determine the depth resolution, we analyzed the 
intensity variation of two T atomic columns in 
seven consecutive slices spanning from one 
side of the MEL-MFI interface to the other, 
where the two studied columns were from 
MEL and MFI (Fig. 5A). In the interface re- 
gion (i.e., slices 3 and 4), the two columns 
interfered in intensity because of the limited 
depth resolution (Fig. 5A). The two intensity 
profiles were fitted with error functions and 
their derivative curves were then derived (Fig. 
5B). The full width at half maximum of the 
derivative curve, which is generally defined as 
the depth resolution, was measured as ~6.6 nm 
(Fig. 5B). By using a 4D-STEM dataset simu- 
lated at a total electron dose of ~3500 e”/A’, a 
better depth resolution of ~3.5 nm could be 
achieved based on the same determination 
method because of the absence of experimen- 
tal errors (fig. S19). 

We compared the results of 4D-STEM ptycho- 
graphy in this study with previous results ob- 
tained using various 3D imaging methods in 
terms of lateral resolution, depth resolution, 
and consumed electron dose (Fig. 5C). Elec- 
tron tomography can provide atomic resolution 
in three dimensions (42, 43). Optical section- 
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ing with high-angle annular dark-field STEM 
can generate subnanometer depth resolution 
with dense focal series (44). However, these 
two methods require very high electron doses, 
typically millions of e/A?, and are unsuitable 
for beam-sensitive materials (Fig. 5C and table 
$3). Ptychographic tomography exhibited ~2-nm 
resolution in three dimensions at low-dose 
conditions (Fig. 5C) (45). 


Discussion 


This study demonstrated that 4D-STEM multi- 
slice ptychography represents an efficient 
low-dose 3D imaging technique that exhibits 
excellent tolerance to the specimen thickness 
while not requiring precise focusing. These 
advantages make 4D-STEM multislice ptycho- 
graphy broadly applicable and particularly 
useful for imaging beam-sensitive materials. 
The lateral and depth resolutions achieved in 
this study are ~0.85 A and ~6.6 nm, respectively, 
using a total electron dose of ~3500 e/A’. 
This performance has enabled an investiga- 
tion of the intrinsic structural and composi- 
tional inhomogeneity in zeolites, including 
guest-molecule orientations, O vacancies, 
and multiphase intergrowth. The simulations 
indicate that under the imaging conditions 
that were used, the depth resolution can, in 
principle, be improved to ~3.5 nm. We be- 
lieve that combining multislice ptychography 
with tomography is worth exploring be- 
cause of its potential to further enhance 3D 
resolution. 
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Regio-controllable [2+2] benzannulation with two 


adjacent C(sp*)-H bonds 


Ji-Min Yangy, Yu-Kun Lint, Tao Sheng, Liang Hu, Xin-Pei Cai, Jin-Quan Yu* 


Regiocontrol in traditional cycloaddition reactions between unsaturated carbon compounds is often 
challenging. The increasing focus in modern medicinal chemistry on benzocyclobutene (BCB) scaffolds 
indicates the need for alternative, more selective routes to diverse rigid carbocycles rich in C(sp°) 
character. Here, we report a palladium-catalyzed double C-H activation of two adjacent methylene units 
in carboxylic acids, enabled by bidentate amide-pyridone ligands, to achieve a regio-controllable 
synthesis of BCBs through a formal [2+2] cycloaddition involving o bonds only (two C—H bonds and two 
aryl-halogen bonds). A wide range of cyclic and acyclic aliphatic acids, as well as dihaloheteroarenes, are 
compatible, generating diversely functionalized BCBs and hetero-BCBs present in drug molecules and 


bioactive natural products. 


enzocyclobutenes (BCBs) represent an 
important class of rigid four-membered 
carbocycles found in natural products 
(/, 2) that have demonstrated great po- 
tential as therapeutic molecular scaffolds 
(3, 4), versatile synthons (5), and functional 
motifs in materials science and mechano- 
chemistry (6, 7) (Fig. 1A). BCB-based rigid and 
three-dimensional pharmacophores have led 
to the discovery of Ivabradine, an FDA (Food 
and Drug Administration)-approved drug for 
the treatment of heart failure and heart- 
related chest pain (3). In addition, the BCB 


analog of the psychoactive 2C-B (4-bromo- 
2,5-dimethoxyphenethylamine) was found 
to show superior affinity for the human 5- 
hydroxytryptamine 2A (5-HT».,) receptor 
compared with the conformationally flex- 
ible parent compound and the benzocyclo- 
pentane analog (Fig. 1A) (8). Currently, the 
[2+2] cycloaddition of alkenes and benzynes 
is one of the most common synthetic routes 
to BCBs (9). However, controlling the regio- 
selectivity of this cycloaddition reaction is an 
unsolved problem. As illustrated in Fig. 1B, 
the [2+2] cycloadditions between a substituted 


Fig. 1. [2+2] annula- —_A\ Applications of BCBs 
tion reaction via 
dual methylene C-H OMe OMe —NH2 
bond functionaliza- Cor NHz ion) i | 
tion. (A) Applications 
of BCBs. K; is the = i MeO | 
! OMe OMe 
inhibitor constant. h5-HT 2, Ki= 0.75 nM Ki= 47 nM 
(B) Limitations of Medicine Synthetic Precursor of Dienes 


BCB synthesis via 
[2+2] cycloaddition of 
alkenes and ben- 
zynes. Syn, anti refers 
to the conformation 
of R* group and the 
adjacent aryl group. 
(C) Ligand-enabled 
[2+2] annulation 
between aliphatic 
acids and dihaloar- 
enes (this work). 


B Limitations of BCB synthesis via [2+2] cycloaddition of alkenes and benzynes 
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@ 
alkene and benzyne typically lead to mixt cnet 
of head-to-head and head-to-tail regioisor..--.— 
as well as multiple diastereoisomers. A number 
of alternative intramolecular processes, such as 
cyclization of o-quinodimethane (10), cyclative 
C-H arylations (11-14), visible-light-induced 
radical processes (15), and others (16), have 
been developed. A modular two-component 
intermolecular synthesis of BCBs has recently 
been reported using an elegant Pd-catalyzed 
[2+2] annulation of alkenes bearing an amide 
directing group and arylboronic acids (17); 
however, this method does not allow regio- 
control. In addition, existing methods for BCB 
synthesis suffer from scope and efficiency lim- 
itations owing to the requirement of prein- 
stallation of reactive functional groups such as 
double or triple bonds. Notably, the synthesis 
of medicinally important heterocyclic BCBs 
using these reactions is challenging (78, 19). 
Our recently demonstrated Pd-catalyzed acti- 
vation of B- or y-C—H bonds of aliphatic acids 
(20-22) inspired us to explore a formal [2+2] 
annulation of aliphatic acids with dihaloarenes 
through a dual sequential methylene C-H acti- 
vation at the B and y positions. The state of the 
art of dual functionalization of two adjacent 
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"Pt, COOH COOH COOH 


So, Oe, CX, 


3u, 54% 3v, 38% 


Fig. 2. Cyclic aliphatic acid scope for the [2+2] annulation reaction. 
Reaction conditions: aliphatic acid (0.1 mmol), 2a (0.2 mmol), Pd(CH3CN)4(BF4)2 
(10 mol %), L7 (13 mol %), K2CO3 (2.5 equiv), Ag2CO3 (2.0 equiv), HFIP 
(1.0 ml), at 100°C for 20 hours. Isolated yields are reported. Relative 
configurations are shown, as the synthesis is racemic. See supplementary 


methylene C-H bonds is limited to allylic and 
benzylic positions, or sites a- to a heteroatom 
(23-26). Here we report successful Pd-catalyzed 
BCB synthesis through the annulation of ali- 
phatic acids with dihaloarenes enabled by 
amide-pyridone ligands, in which the exclusive 
regiocontrol is achieved through the differen- 
tiation between the aryl iodide and bromide 
sites. The direct use of abundant and structur- 
ally varied acyclic and cyclic acids as substrates 
without prefunctionalization substantially ex- 
pands access to diverse BCBs, including hetero- 
cyclic BCB scaffolds (Fig. 1C). 


Reaction development 


During our mechanistic investigations of the 
methylene C-H lactonization of dicarboxylic 
acids, we observed the B,y-C-H deuteration of 
7-ethoxy-7-oxoheptanoic acid (20). This obser- 
vation prompted us to wonder whether a se- 
quential twofold C-H coupling process with 
ortho-dihaloarenes could be developed to 
construct BCB scaffolds. Using 1-propyl-1- 
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cl 


3x, 50%", trans/cis = 4:1 


cyclopentanecarboxylic acid 1a and dihaloarene 
coupling partner 1-bromo-4-chloro-2-iodobenzene 
2a with Ag,CO, as a scavenger for halides, we 
began to test the feasibility of this transfor- 
mation with a series of pyridine-pyridone 
ligands recently developed in our laboratory 
(table S1). Encouragingly, the desired BCB 3a 
was indeed formed as a single isomer (fig. S1). 
However, attempts to improve the reaction 
yield with pyridine-pyridone ligands and other 
known ligand scaffolds (L27 to L36) under 
various conditions proved unsuccessful (<22% 
yield). 

These initial results with pyridine-pyridone 
ligands, though promising, pointed to the 
need for more effective ligands. Because the 2- 
pyridone serves a critical role as the internal 
base for C-H cleavage (27), we focused on de- 
veloping alternatives for the pyridine arm of 
the scaffold. Inspired by the superior reactivity 
of the electron-deficient amide motif as a di- 
recting group for Pd(ID) in C(sp*)-H activation 
(28), we synthesized a class of bidentate ligands 


aed - # 


3y, 50%, trans/cis = 4:1 


noo. ow) cl 


3z, 52%", trans/cis > 10:1 


“eo 8 


X-ray (trans-3y) 


materials for details. *Pd(CH3CN)4(BF4)2 (1 mol %) was used, reaction time 
56 hours. tReaction conducted with aliphatic acid la (4.5 mmol), 1.05 g of 
3a was obtained. + Pd(CH3CN)4(BF4)2 (5 mol %) was used, reaction time 

40 hours. §Aliphatic acid (0.2 mmol), 2a (0.1 mmol), K2CO3 (3.5 equiv). JL28 
instead of L7, KHCO3 instead of K2CO3. 


bearing both a pyridone and an electron- 
deficient amide derived from perfluorinated 
anilines. Amide-pyridone ligand LI, posited 
to coordinate to PddD as a five-membered 
chelate, afforded substantially improved yield 
in the annulation reaction (38%). Through ex- 
tensive structural tuning, we identified ligand 
L7 as optimal, providing BCB 3a in 90% iso- 
lated yield. 


Cyclic acid substrate scope 


Under these optimized conditions, we subse- 
quently evaluated the substrate scope of the 
[2+2] annulation reaction (Fig. 2). A wide range 
of cyclic aliphatic acids including five- (1a-I), 
six- (lm-It), seven- (1u-Iv), and eight-membered 
(1w) rings were compatible to afford cis-BCB 
products as single regioisomers (3a-3w). Larger 
cyclic aliphatic acids including 11- (1x), 12- 
(ly), and 15-membered (1z) rings produced 
trans-BCB products as major isomers. Re- 
maining unreacted aliphatic acid reactants 
were recovered when the yields were relatively 
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Fig. 3. Acyclic aliphatic acid scope for the [2+2] annulation reaction and 
transformations of the products. (A) Acyclic aliphatic acid scope. Reaction 
conditions: aliphatic acid (0.1 mmol), 2a (0.3 mmol), Pd(OAc)2 (10 mol %), 
L12 (20 mol %), K2HPO, (3.5 equiv), Ag2CO3 (2.0 equiv), HFIP (1.2 ml), at 110°C 
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for 24 hours. Isolated yields are reported. Relative configurations are shown, as 


the synthesis is racemic. Di-5p was isol 


products. *2a (0.35 mmol), K2HPO, (3.0 equiv), HFIP (1.8 ml) as a replacement. 


Bioactive Agrochemical 


ated as a representative of di-BCB 


(B) Synthetic applications. DPPA, diphenylphosphory! azide. 
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(13 mol %), K2CO3 (2.5 equiv), AgsCO3 (2.0 equiv), HFIP (1.0 ml), at 100°C for 
20 hours. Isolated yields are reported. Relative configurations are shown, as the 
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(0.2 mmol), dihaloarene (0.1 mmol), K2CO3 (3.5 equiv). ¢L28 instead of L7, 4c 
instead of 1b, KHCO3 instead of K2CO3. §Diastereoisomers. ]Dihaloarene 

(0.3 mmol), Pd(OAc)2 (10 mol %), L12 (20 mol %), K2HPO, (3.5 equiv), 
AgoCO3 (2.0 equiv), HFIP (1.2 ml), at 110°C for 24 hours. #4a instead of 1b. 
**Gemfibrozil instead of 1b. {tlsosteviol instead of 1b. 
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low. Notably, ligand L7 allowed us to reduce 
Pd loading from 10 to 5 or 1% while maintain- 
ing synthetically useful yields for the [2+2] an- 
nulation between dihaloarene 2a and acids 
(1a-li) as selected examples. Various substitu- 
tions at the o position of carboxylic acid were 
tested in the reaction. Alkyl groups (8a-3f, 31- 
3q, 3s, 3u) and aryl groups (3g-3j, 3r) with 
electronically diverse substituents were com- 
patible with this protocol despite the presence 
of reactive methyl and aryl C-H bonds. Func- 
tionalities such as methoxy (3f), OTBS (3q), 
and phenyl (3d-3e, 3p) were well tolerated. 
Bicyclic aliphatic acid (11) was converted to 
the corresponding fused 6-5-4-6 ring (31) in 
32% yield. Cyclohexanecarboxylic acid-bearing 
substitutions at the 3 position (1s) consistently 
provided the corresponding product (3s) in 
moderate yield. In addition to the aliphatic 
acids containing an o-quaternary center, ali- 
phatic acids containing an a-hydrogen (1k, It, 
1v-1z) afforded the products (3k, 3t, 3v-3z) in 
20 to 52% yield. Quinoline-pyridone ligand 
28 was more suitable for 8- to 15-membered 
rings (1w-1z). The structures of 3h and trans- 
3y were confirmed by single-crystal x-ray dif- 
fraction analysis. We also investigated the 
scalability of this [2+2] annulation reac- 
tion, in which 1.05 g of the desired product 3a 
could be obtained in 88% isolated yield (see 
supplementary materials for experimental 
details). 


Acyclic acid substrate scope 


Acyclic aliphatic acid 4a only gave low yield 
with L7 (2%) (table S6). We found that six- 
membered chelating amide-pyridone ligand 
L12 emerged as the most effective ligand for 
these linear substrates, affording diverse trans- 
BCBs (Fig. 3). A wide range of functional 
groups, such as methoxy (5d), chloro (5e- 
5f), phosphonate (5g), and substituted aryl 
groups (5h-51) were compatible. Aliphatic 
acids bearing a-gem-dimethyl groups (4:a- 
41) or a single methyl group (4n-40) were 
also compatible despite the presence of the 
typically more accessible a-methyl C—H bonds. 
In addition to the substrates containing an 
a-quaternary center (4a-40), aliphatic acids 
containing an a-hydrogen (4p-4q) were also 
found to be viable, as exemplified with prod- 
ucts 5p and 5q, generated in moderate yields. 
A number of synthetic elaborations of benzo- 
cyclobutyl acid products were also demonstrated. 
Heating a solution of 5a as an o-quinodimethane 
precursor with N-methylmaleimide in o- 
dichlorobenzene at 180°C provided Diels-Alder 
adduct 6 in 60% yield. 5a could be readily 
transformed to medicinally important amine 7. 
The benzocyclobutyl amide 11, a patented bio- 
active molecule for crop protection (29), could 
be rapidly synthesized by [2+2] annulation of 
aliphatic acid 4a and N-dihaloaryl amide 10 in 
a two-step sequence. 
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Dihaloarene substrate scope 

The broad scope of bromoiodoarenes further 
expands the diversity of BCBs (12b-12u) (Fig. 
4A). Substituents at various positions were 
compatible with this catalytic system (12c- 
12f). Halogens such as fluorine (12g), chlorine 
(12h), and bromine (12i-12j) were compatible, 
providing the desired BCBs in good yields. 
Arenes bearing electron-donating (12k-121) 
and electron-withdrawing (12m-12t) groups 
were also tested, affording the products in good 
to excellent yields. The amide (12s-12t) and 
carboxylic acid (12u) groups, widely used in 
C-H activation as directing groups, were also 
viable for this protocol. An aryl triflate, a high- 
ly reactive site in Pd cross-coupling chemistry, 
was also tolerated (12m). Moreover, dibromo- 
arenes (2b®", 2v-2y) and diiodoarene (2b") 
were amenable to the standard conditions, 
generating the desired BCBs in moderate to 
good yields (Fig. 4B). As expected, reaction 
of 1b with 2,3-dibromotoluene (2e®") afforded 
a mixture of two regioisomers (12e and 12d, 
regioisomeric ratio rr = 2.5: 1), indicating that 
bromoiodoarenes with two different active 
sites are vital for controlling regioselectivity. 


Heteroaromatics and complex molecules 


Modular synthesis of hetero-BCBs through 
various methods has been a long-standing 
challenge (22, 23). Gratifyingly, pyridine (13a- 
13b, 13j-13]), quinoline (13e-13d), quinoxa- 
line (13e), and indole (13f) derivatives were 
also competent in this process, affording the 
desired hetero-BCBs in 25 to 59% yield (Fig. 4C). 
Heterocycles such as pyrrole (13g), thiophene 
(13h), and furan (13i) were well tolerated, 
providing the desired products in good to 
excellent yields. Dihaloarenes bearing bio- 
active structures such as celecoxib (13m), 
pregnenolone (13n), galactose (130), and 
menthol (13p) were also compatible. This 
protocol could also be applied in late-stage 
modification of bioactive molecules, such as 
gemfibrozil and isosteviol, leading to products 
13q and 13r. 


Mechanistic study 


The sequential activation of two C-H and two 
aryl halide bonds with unexpectedly exclusive 
regioselectivity calls for mechanistic investi- 
gation into this complex catalytic cycle. Re- 
activity of various possible intermediates (figs. 
S2 and S3) was consistent with a highly com- 
plex Pd(II)/Pd(O)/Pdd1)/PddV) catalytic reac- 
tion pathways (fig. S4). B,y-Dehydrogenation 
likely occurred via ligand-enabled B- or y-C-H 
bond activation accompanied by the forma- 
tion of Pd(0) species. Oxidative addition of the 
more reactive aryl iodide with Pd(O) species 
followed by directed carbopalladation would 
then afford a key intermediate bearing the 
aryl on the y position with all regioselectivity 
defined. Next, intramolecular oxidative addi- 


tion of the aryl bromide with the alkyl Pd(ID 
would lead to a Pd(IV) intermediate, which 
could undergo reductive elimination to afford 
the desired BCB product and Pd(II) catalyst. 
The plausibility of the dehydrogenation path- 
way is supported by the catalytic formation of 
the desired BCB product using B,y-unsaturated 
aliphatic acid S5a as substrate (for various 
control experiments, see fig. S4, A to G). No- 
tably, the following two elementary steps must 
be exclusively regioselective to form a single 
regioisomer of BCB: oxidative addition with 
Pd(O) of the more reactive aryl iodide bond; 
and subsequent carbopalladation governed by 
a directing effect to place the aryl group at the 
y position and Pd(ID at the B position. 
Beyond the realization of regioselective 
functionalization of two adjacent methylene 
C-H bonds, the modular synthesis of diverse 
BCBs with exclusive regioselectivity is appli- 
cable to pharmaceuticals, materials science, 
and mechanochemistry, as well as natural 
product synthesis. Further studies on the 
reaction mechanism are underway. 
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Restructuring of titanium oxide overlayers over 
nickel nanoparticles during catalysis 
Matteo Monai‘+, Kellie Jenkinson?+, Angela E. M. Melcherts'+, Jaap N. Louwen!, Ece A. Irmak?, 


Sandra Van Aert?, Thomas Altantzis*, Charlotte Vogt'+, Ward van der Stam!, Tomas Duchoii’, 
Bretislav Smid®, Esther Groeneveld®, Peter Berben®, Sara Bals**, Bert M. Weckhuysen’* 


Reducible supports can affect the performance of metal catalysts by the formation of suboxide 
overlayers upon reduction, a process referred to as the strong metal-support interaction (SMSI). A 
combination of operando electron microscopy and vibrational spectroscopy revealed that thin TiO, 
overlayers formed on nickel/titanium dioxide catalysts during 400°C reduction were completely removed 
under carbon dioxide hydrogenation conditions. Conversely, after 600°C reduction, exposure to carbon 
dioxide hydrogenation reaction conditions led to only partial reexposure of nickel, forming interfacial 
sites in contact with TiO, and favoring carbon-carbon coupling by providing a carbon species reservoir. 
Our findings challenge the conventional understanding of SMSls and call for more-detailed operando 
investigations of nanocatalysts at the single-particle level to revisit static models of structure-activity 


relationships. 


upported metal catalysts respond to pre- 

treatment and reaction conditions by 

restructuring (J), phase changes (2), 

and chemical and structural oscillations 

(3), which can lead to catalyst activation, 
deactivation, or changes in selectivity. A good 
example of catalyst restructuring is the so-called 
strong metal-support interaction (SMSI), 
in which metal nanoparticles (NPs) are en- 
capsulated by overlayers of reducible sup- 
ports, such as TiO, after high-temperature 
reduction (4) or oxidation (5). SMSI can result 
in a substantial change in product selectivity 
(6), and it has been shown to be correlated 
with high activity of mixed metal oxides in 
the oxygen evolution reaction (7) and with 
activation of industrial Cu/ZnO,/Al,03 cata- 
lysts (8). 

Although there is substantial evidence for 
overlayer formation during catalyst pretreat- 
ments (9-11), including from atomic-resolution 
in situ electron microscopy studies of overlayer 
formation under H, (0, 12-14), O, (5), and CO, 
environments (14), very little is known about 
the structure of the overlayer under reaction 
conditions. Recently, the complete removal of 
a TiO, (x < 2) overlayer was shown for Pt/TiO. 
using in situ transmission electron microscopy 
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(TEM) under O,/H»z mixtures at 600°C (12). 
This result raises the question of whether 
overlayers persist during reaction conditions 
or if the pretreatments used to induce SMSI 
only indirectly affect the catalyst perform- 
ance, for example, by particle growth or phase 
changes, given that the geometric and elec- 
tronic structure of prereduced catalysts can 
change substantially under reaction conditions 
(15, 16). Multiscale operando methodologies 
(from single nanoparticle to ensemble level) 
are crucial to develop meaningful structure- 
performance relations for supported metal 
NPs. Recent advances in high-resolution TEM 
methods allow the observation of materials 
under operando conditions at ambient pres- 
sure and at high temperatures relevant to 
catalysis (17-19). 

Here, we unravel the evolution of TiO, 
overlayers on industrially relevant Ni/TiO. 
catalysts during catalysis, for the CO and CO, 
hydrogenation reaction, after low-temperature 
(400°C) and high-temperature (600°C) re- 
duction. We combined quantitative operando 
scanning TEM (STEM) and infrared (IR) spec- 
troscopy, near-ambient pressure x-ray photo- 
electron spectroscopy (NAP-XPS), and density 
functional theory (DFT) calculations to ob- 
serve and understand overlayer restructuring 
and its effect on catalysis. The combination 
of both nano- and bulk-scale operando ana- 
lytical techniques reveals information with 
unprecedented resolution on the single-atom 
level and also provides new insights into the 
properties of the ensemble of supported me- 
tal nanoparticles. 

We show that TiO, overlayers, formed du- 
ring reduction, restructure in CO,:Hz mixtures 
at a temperature as low as 200°C, (partially) 
reexposing the Ni surface and introducing 
interfacial sites responsible for higher C-C 
coupling activity. We tailored suboxide over- 


9 


layers to be stable under reaction condit nee 
using different reduction pretreatment tJ..— 
peratures. This capability adds a parameter 
for catalyst optimization. These results could 
enable an understanding of the performance 
of a number of supported metals in reactions 
for sustainable technologies, such as biomass 
upgrading (20) and CO, valorization (2/, 22). 


Ni partial encapsulation during 
400°C reduction 


To induce oxide overlayer coverage by SMSI 
and to investigate its role in CO. hydrogena- 
tion, we reduced 6 wt % Ni/TiO, catalysts at 
400°C (400-Ni/TiO,). The formation of TiO, 
overlayers upon the supported Ni NPs was 
investigated on the single-particle level by 
in situ electron microscopy experiments in a 
windowed gas cell (climate G+, gas supply 
system, DENSsolutions) (Fig. 1A; see the sup- 
plementary materials for details). In situ reduc- 
tion of Ni/TiO, at 400°C yielded supported 
metallic Ni NPs with an average diameter of 
7.4nm, and a size distribution of +1.5 nm SD 
(Fig. 1B and figs. S4 and S5) that were con- 
sistent with STEM and x-ray diffraction (XRD) 
observations after ex situ reduction (figs. S8 
and S9 and tables S1 and $2). The metallic state ‘ 
of the Ni NPs was confirmed by the Fourier 
transforms derived from the atomic-resolution 
high-angle annular dark-field scanning trans- 
mission electron microscopy (HAADF-STEM) ‘ 
images (figs. S10 and S11). 

A TiO, overlayer was detected on Ni NPs by 
in situ HAADF-STEM imaging for 400-Ni/TiO, 
that corresponded to a partially encapsulating 
bilayer (Fig. 1C and figs. S12 and S13). This 
bilayer formed preferentially over (111) Ni sur- 
faces for each of the five Ni NPs observed in a 
crystallographic zone axis, with no evidence of 
overlayer formation on other Ni facets (figs. 
$12 and S13). Because we aimed to investigate + 
the catalyst dynamics in H2 and during CO/CO, ‘ 
methanation conditions, it was important that 
structural changes that we observed were not 
an artifact of the electron beam. Therefore, we 
acquired multiple frames of the encapsulated 
Ni NP with low screen currents and fast image 
acquisition parameters to minimize potential 
electron beam-induced artifacts (23). After 
applying neural network restoration of the 
HAADF-STEM data and frame averaging, we 
could estimate the positions of the atomic 
columns with high accuracy and precision. 
We applied statistical parameter estimation 
theory to determine and refine the atomic 
column positions in the Ni NP and in the two 
atomic layers of Ti (Fig. 1D and figs. $14 to S16) 
(24). In addition, we applied the more-advanced 
maximum a posteriori probability rule to de- 
tect the Ti overlayer atomic columns that yield 
low contrast-to-noise ratio (25, 26). 

Next, the displacements of all atomic col- 
umns with respect to the ideal atomic column 


lofs 
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Fig. 1. TiO, overlayer formation by low-temperature Hz reduction and its 
restructuring during CO. methanation on a Ni/TiO, hydrogenation catalyst. 
(A) Schematic of the operando electron microscopy setup and windowed gas cell 
(climate G+, DENSsolutions) used in this study. (B) HAADF-STEM overview image of 
a Ni/TiO2 catalyst prepared in situ at 400°C (400-Ni/TiO2), where white arrows 
highlight the Ni NPs upon the TiO2 support. (C) Representative atomic-resolution 
HAADF-STEM image of a Ni NP in a Ni/TiOz catalyst in Hz at 400°C. Solid lines 
indicate TiO,-covered Ni atomic planes, and dashed lines indicate unoccupied facets. 
Ni(111) and Ni(100) facets are indicated by pink and green, respectively. (D) Estimated 
positions of Ti (gray) and Ni (color scale) atomic columns. Ni atomic columns were 
identified through statistical parameter estimation theory and neural network image 
estoration, and Ti atomic positions were identified using a combination of statistical 
parameter estimation theory and MAP probability rule because of Ti's limited visibility 
(25, 26). Strain maps (resulting from the displacements with respect to the ideal 
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Ni/TiO, catalyst 


cy T= 400-600 °C 


Ne gas analyzer 


Pressure (Torr) 10 


atomic column positions) in the x and y directions. Inset: Close-up of the TiO, 
bilayer, where white arrows highlight each Ti layer. (E) Model of rutile TiO2 (110) 
overlayer on a Ni(111) slab with oxygen (top) or hydrogen (bottom) atoms 
occupying the Ni-Ti interface calculated by DFT, suggesting that the titania 
overlayer is partially reduced at the interface. (F) HAADF-STEM image of the same 
particle as in (D) upon exposure to a COz:H2 (0.25 bar: 0.75 bar) mixture at 400°C 
showing complete reexposure of Ni and NP restructuring. (G) Estimated atomic 
column positions of Ni from the same particle shown in (F) identified through 
statistical parameter estimation theory and neural network image restoration. 
Strain maps in the x and y directions resulting from the displacements with 
respect to the ideal atomic column positions. (H) MS data measuring the partial 
pressure of COz (black) and CH, (red) for the Ni/TiO2 catalysts at 400°C. 
Regions highlighted in light blue and pink correspond to Hz and COz:H2 
environments, respectively. 
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Fig. 2. Formation of stable TiO,/Ni overlayers during CO2 methanation on 
a Ni/TiO2 hydrogenation catalyst first reduced at high temperature. 

(A) HAADF-STEM overview images of Ni/TiO2 catalyst prepared in situ at 
600°C (600-Ni/TiO2), where white arrows highlight the Ni NPs upon the TiO2 
support. (B) High-resolution HAADF-STEM image of Ni/TiO2 catalyst in He 

at 600°C showing a Ni NP encapsulated in a thick TiO, shell. Colored squares 
correspond to the location where EELS spectra in (D) and (E) were acquired. 

(C) Core loss EELS map of Ti L2.3 (green) and Ni-L23 (red) ionization edges. 
(D and E) Core loss Ti L23 (D) and Ni Lo3 EELS (E) spectra showing several 
regions of interests within the encapsulated NP, where spectrum color indicates 
the location of pixels shown in (B). (F) MS data acquired at 400°C showing 
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the partial pressure of CO2 (black) and CH, (red) for Ni/TiO2 catalysts 
prepared at 600°C, with the regions highlighted in light blue and pink 
corresponding to the Hz and COz2:H2 environments, respectively. (G) High- 
resolution HAADF-STEM image of an individual Ni NP in Hz at 600°C 
before CO2 hydrogenation. (H) High-resolution HAADF-STEM image of the 
same particle as in (G) upon exposure to a COs:H» (0.25 bar COs: 0.75 bar He) 
mixture at 400°C showing only partial restructuring of the thick TiO, shell. 
(I) HAADF-STEM image of the same particle as in (G) and (H) upon longer 
exposure to a COs:H2 (0.25 bar COz: 0.75 bar H2) mixture at 400°C showing 
further restructuring of the thick TiO, shell and reexposure of the Ni surface, 
highlighted by the white circle. 
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Fig. 3. Ni/TiO2 reexposure under CO and CO, hydrogenation conditions 
revealed by operando vibrational spectroscopy. (A) Catalytic activity of 
400-Ni/TiO2 (red) and 600-Ni/TiO> (blue), normalized per gram of Ni, for COz 
(dark shade) and CO/CO2 methanation (light shade). (B) C-C coupling activity of 
400-Ni/TiO2 and 600-Ni/TiO2 normalized per gram of Ni, during CO/CO2 
hydrogenation. (€) Selectivity to hydrocarbons in the CO/CO> hydrogenation 
reaction over 400-Ni/TiO2 and 600-Ni/TiO2. (D and E) Operando FTIR spectra 
collected at 200° to 300°C under CO/COz hydrogenation conditions over 
400-Ni/TiO2 (D) and 600-Ni/TiOz (E) showing Ni exposure in both catalysts. The 


Temperature (°C) 


estimate for Ni coverage for 600-Ni/TiO2 and the majority COags species at 
300°C is schematically depicted for the two catalysts (see the supplementary 
materials for details). (F and G) TOF for methane production (F) and C-C 
coupling products (G) over 400-Ni/TiO2 (red) and 600-Ni/TiO> (light blue). 
The dark blue line shows the TOF corrected for the most conservative estimate 
of exposed Ni surface in 600-Ni/TiO> (see the supplementary materials for 
details). Conditions for CO2 methanation: COz:H2:He = 1:4:5, 5 bar, gas hourly 
space velocity (GHSV) = 80,000 hours”. Conditions for CO/CO2 methanation: 
COz:CO:H2‘He = 3:1:7:9, 5 bar, GHSV = 80,000 hours”. 


positions in the Ni lattice were determined, 
from which we calculated a strain map (Fig. 
1D and figs. S15 and S16). This quantitative 
analysis revealed an increase in tensile strain at 
the exposed (100) surface facet, as expected 
from the increased mobility of surface adatoms. 
By contrast, both (111) facets covered by a TiO, 
bilayer displayed a small negative (compres- 
sive) strain over the surface and the second 
atomic subsurface layer as Ni accommodated 
the Ni-Ti interface. A compressive strain of Ni 
atoms at the TiO,/Ni(111) interface was also 
predicted by DFT calculations for different 
TiO,/Ni models (tables S3 and S4). 
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The interatomic Ti-Ti and Ni-Ti distances 
were measured using the atomic positions de- 
duced by our statistics-based approaches and 
found to be 2.95 + 0.01 and 2.93 + 0.09 A, 
respectively. The Ti-Ti distances showed a 
range of 2.77 to 2.95 A for several measured 
particles using this technique (fig. S17), and 
of the possible TiO, polymorphs, our mea- 
surements are consistent with a compressed 
rutile (110) d spacing (Fig. 1D and fig. S10). 
This Ti-Ti distance is also consistent with 
continuous TiO, overlayers previously repor- 
ted (13), and we anticipate that the observed 
compression was partially caused by the dis- 


crete and minimal secondary layer of Ti atoms 
that was too small to arrange perfectly, as 
would be expected for a bulk phase-idealized 
crystal structure. The identity of the TiO, 
overlayer was further distinguished from a 
NiO, overlayer through in situ electron energy- 
loss spectroscopy (EELS) analysis (fig. S18). 
Similar observations were made regardless 
of which crystal structure (rutile or anatase) 
the Ni nanoparticle resided on (fig. S19). 

To better understand our finding of the 
selective coverage of Ni(111) facets by bilayers 
of TiO, rutile (110), we calculated the relative 
stability of TiO, overlayers on the most observed 
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A 400-Ni/TiO, 


(111) surface coverage 


lower TOF 


competitive methanation and C-C coupling 


C  600-Ni/TiO » 


complete coverage 


higher TOF for both CH, 


Legend 


Oni 


Fig. 4. New understanding of Ni/TiO2 catalyst performance and evolution 
during reduction and reaction. Model for TiO, overlayer formation after 400 
and 600°C reduction and restructuring under reaction conditions, which explains 
the observed catalytic and spectroscopic results. (A) 400°C reduction leads to 
the formation of a TiO, bilayer that is completely removed under reaction 
conditions, resulting in defective Ni particles. (B) For these particles, CO can 
adsorb on bridge sites (majority species). The adsorbed CO* is converted 

to CH,* through either HCO* (H-assisted dissociation) or C* (direct dissociation). 


Ni facets using DFT (figs. S20 and S21). Based 
on the quantitative structural analysis of the 
atomic resolution in situ HAADF-STEM data, 
we built TiO,/Ni models using a Ni slab of four 
atomic layers oriented along the (111), (100), 
and (110) facets covered by two monolayers of 
rutile (110) (see the “Computational details” 
section in the supplementary materials). The 
lattice mismatch between the TiO, rutile struc- 
ture and the Ni surfaces would induce strain. 
After energy minimization, we found the strain 
energies for the Ni(111) and Ni(100) surfaces to 
be 0.5 and 3.1 kJ/mole of TiOz, respectively. 
This difference was consistent with the distor- 
tion and irregularity of the modeled TiO, over- 
layer on Ni(100) (Fig. 1E and fig. S20). The 
lower energy toll calculated for the formation 
of TiO, overlayers on Ni(111) thus explains the 
experimentally observed facet-selective cover- 
age of Ni NPs. 

To further investigate the structure of the 
TiO,/Ni(111) interface, we used different con- 
figurations as input for computational calcu- 
lations, varying the type and number of atoms 
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TiO, ,- covered Ni 


between the interfacial Ni and TiO, layers 
(figs. S20 and S21). When the Ni surface was 
covered with a TiO» rutile (110), the computed 
Ni-Ti interlayer distance was 3.20 A, which is 
larger than what was experimentally observed 
(2.80 to 3.00 A; Fig. 1E, top). Conversely, a Ni-Ti 
distance of 2.79 A was calculated for a partially 
reduced overlayer, where interfacial oxygen 
atoms were replaced by H atoms, and H* 
atoms were adsorbed on the Ni surface. On 
the basis of these calculations, the overlayers 
are most likely a suboxide phase. 

Because in situ HAADF-STEM imaging 
provided only local information on single NPs, 
we performed H, chemisorption to estimate 
the bulk average percentage of exposed Ni 
surface for the ensemble of Ni NPs after the 
reduction of Ni/TiO, (fig. S23). The amount 
of chemisorbed H, for 400-Ni/TiO, was 
32 umol/g, which corresponds to 6.7% of the 
total number of Ni atoms, or an apparent 
average NP size of 15 nm, assuming a 1:1 H:Ni 
stoichiometry. The apparent Ni NP size cal- 
culated from H, chemisorption was substan- 
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This species is in turn converted to methane by hydrogenation (reaction with 
H*) or to C-C coupling products (C2,) by reaction with CH,* adsorbates. 

(C) 600°C reduction leads to complete Ni coverage by TiO,, which restructures 
under reaction conditions. (D) On these particles, interfacial Ni-TiO, sites 
form, upon which C species from the support are brought in contact with 

C species on Ni, favoring C—C coupling. Furthermore, CO is preferentially 
bound linearly, which explains the higher TOF per active site in the catalytic 
methanation of CO and CO>. 
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tially larger than that measured with TEM 
(5.3 to 7.5 nm; Fig. 1B and figs. S4, $5, and $7), 
indicating that part of the surface of Ni was 
blocked and not accessible to the gas phase. If 
no chemisorption took place on the TiO, over- 
layers, then there was a 25 to 46% surface cov- 
erage of Ni by TiO, in 400-Ni/TiO. This value is 
in agreement with the fraction of Ni(111) sur- 
face sites (85 to 57%) predicted for Wulff- 
constructed Ni NPs of such sizes, (27) as well 
as with the in situ HAADF-STEM evidence of 
selective encapsulation of Ni(111) facets. 


Ni reexposure during CO2 hydrogenation for 
Ni/TiO2 after 400°C reduction 


We followed changes in the TiO, overlayer 
under CO, hydrogenation reaction conditions 
by tracking a single Ni NP with HAADF-STEM 
while switching from Hz to CO,:H», at 400°C 
and atmospheric pressure. Reactant and pro- 
duct gases from the windowed gas cell were 
tracked in real time during the reaction using 
mass spectrometry (MS) (Fig. 1H and fig. S24). 
Upon introduction of the CO,:H, mixture, there 
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was detectable formation of CH,, confirming 
that the catalyst actively performed CO, hy- 
drogenation during observation within the 
electron microscope. As observed for other 
NPs (figs. S12 and S13), the Ni NP shown in 
Fig. 1C developed a TiO, overlayer that selec- 
tively occupied Ni’s (111) surface facets before 
hydrogenation. 

Upon CO, exposure at 400°C, the same Ni 
NP restructured and lost a large proportion of 
its highly faceted surface, with only a small 
percentage of the Ni(100) facet remaining. The 
NP exhibited an overall rounded morphology 
and retained its Ni metallic phase (Fig. 1F and 
figs. S25 and S26). Comparative strain maps cal- 
culated for the same NP during CO, hydrogen- 
ation showed an increase in tensile strain over 
the entire NP surface in both the x- and y- 
directions and a loss in compressive strain 
(Fig. 1G). We attributed these changes to the 
loss of the Ni-Ti interface during hydrogen- 
ation, which resulted in lower atomic coordi- 
nation and higher mobility of surface atoms 
compared with its TiO.-encapsulated coun- 
terpart (400-Ni/TiO.; Fig. 1, C and D). The 
supported Ni catalyst dynamically evolved to 
express its more-active facets during CO/CO. 
hydrogenation (28). Thermodynamic calcula- 
tions by the Gibbs free energy minimization 
method showed that TiO, became unstable 
under CO, hydrogenation conditions (table S6; 
see the supplementary materials for details), 
which suggests that the removal of the TiO, 
overlayer was induced by changes in chemical 
potential and not by the Ni NP restructuring. 

To show that such removal of TiO, overlayer 
upon exposure to CO, hydrogenation conditions 
is representative of the bulk of the sample, we 
measured the attenuation of Ni 2p signal rela- 
tively to Ti 2p signals in NAP-XPS, which pro- 
vided indirect evidence for encapsulation (fig. 
$27). A fresh Ni/TiO, catalyst was reduced at 
400°C in situ at 0.3 mbar H» and then exposed 
to cycles of 0.3 mbar Hz + 0.3 mbar CO, and 
pure H,. This sequence resulted in a reversible 
change of the Ni/Ti signal ratio that was con- 
sistent with the exposure and coverage of Ni 
under CO, hydrogenation reaction conditions 
and Hp, respectively (fig. S29; see the supple- 
mentary materials for details). 


TiO, overlayer formation and restructuring for 
600°C reduced Ni/TiO2 


With the aim of forming a more-stable TiO, 
overlayer that would survive CO, hydrogena- 
tion conditions, we reduced the 6 wt % Ni/TiO, 
catalyst in situ at 600°C (600-Ni/TiO,). 
Compared with the Ni/TiO, catalyst pre- 
pared at 400°C (400-Ni/TiO.), the NP diame- 
ter approximately doubled to 14.0 nm (+4.0 nm 
size distribution) for the 600-Ni/TiO, (Fig. 2A 
and figs. S6 and S7). The larger NP diameter is 
the result of the higher reduction temperature 
and is consistent with TEM and XRD observa- 
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tions after ex situ reduction (tables S1 and S2 
and figs. S6 to S8). 600-Ni/TiO. displayed a 
completely encapsulating and relatively thick 
(1 to 2 nm) TiO, overlayer (Fig. 2B and fig. 
S30). The greater degree of encapsulation oc- 
curred with the higher temperature treatment 
because the partial reduction of TiO, that is 
needed to form the TiO, overlayers is favored 
at higher temperatures (figs. S2 and S3). Be- 
cause of the lack of a single crystalline layer, 
atomic-resolution HAADF-STEM was not ap- 
plicable. Therefore, the formation of a TiO, 
overlayer was corroborated by in situ EELS 
analysis, which showed a Ti Lo ionization 
edge signal throughout the entire Ni NP (Fig. 
2, B to E, and figs. S31 to $33). Consistent with 
the complete encapsulation by TiO, observed 
by electron microscopy, H, chemisorption was 
almost completely suppressed for the 600-Ni/ 
TiO, catalysts (fig. S23). 

After reduction, the in situ-prepared 
600-Ni/TiO, catalyst was exposed to CO, 
hydrogenation reaction conditions at 400°C. 
Similar to the 400-Ni/TiO., CO. methanation 
was confirmed by tracking reactant and pro- 
duct gases by MS (Fig. 2F). Figure 2, G to I, 
shows the same Ni NP under Hy (Fig. 2G) and 
under a CO,:H, mixture (Fig. 2, H and I) at 
atmospheric pressure. The TiO,-suboxide over- 
layer was still visible but became more in- 
homogeneous after CO. exposure compared 
with the pristine catalyst, indicating its partial 
degradation. Shell thickness measurements in 
Fig. 2, G to I, show the regions in which most 
changes in coverage were observed, with a 
circle identifying an area of the Ni surface that 
no longer appeared to be encapsulated by the 
overlayer (fig. S34; see the supplementary 
materials for details). 

Such overlayers survived even exposure 
to pure CO, at 400°C (fig. S34), in contrast 
to the easily removed TiO, bilayer observed 
for 400-Ni/TiO, catalysts. We hypothesize 
that the different stability is caused by the 
greater thickness of the shell, which contained 
sufficient Ti atoms to form stable patches of 
TiO, on Ni. Despite the extended encapsula- 
tion, the catalyst was active for the CO. hydro- 
genation reaction to methane, as shown by 
online MS analysis (Fig. 2F and fig. $24). 

Our operando STEM results suggest that 
600-Ni/TiO, remained predominantly encap- 
sulated by TiO, under CO, hydrogenation 
reaction conditions. Therefore, we expected 
to observe an almost complete loss of activ- 
ity for such catalysts in reactions promoted by 
Ni. However, both the 400- and 600-Ni/TiO, 
catalysts were active for CO. hydrogenation 
during operando STEM experiments (Figs. 
1H and 2F). 


Comparison of catalytic performance 


To investigate the effect of the residual TiO, 
overlayer on the catalytic CO/CO, hydrogena- 


tion performance of Ni/TiO, catalysts, we 
performed catalytic tests on 20 mg of cata- 
lysts in operando Fourier transform infra- 
red (FTIR) spectroscopy experiments under 
hydrogenation conditions. These experiments 
showed that both catalysts were active for 
CO, hydrogenation at 200° to 400°C and 5 bar 
(Fig. 3A and figs. S35 to S38), in agreement 
with operando TEM MS measurements. Com- 
pared with 400-Ni/TiO,, 600-Ni/TiO,. showed 
a decrease in overall catalytic activity per gram 
of Ni, but a higher stability (Fig. 3A), and higher 
C,, selectivity (figs. S36 and S37). All operando 
FTIR spectroscopy and catalytic results reported 
herein were repeated on two separate batches of 
Ni/TiO, catalysts, showing comparable figures 
and trends (figs. S45 to S50). 

The enhancement in C>, selectivity for the 
600-Ni/TiO. catalyst became even more evident 
in CO/CO, cohydrogenation experiments, with a 
Cy, selectivity of 28 and 9% for 600- and 400-Ni/ , 
TiO, catalysts, respectively, at 300°C and 5 bar 
pressure (Fig. 3, A to C). These results further 
indicate that under reaction conditions, the Ni 
surface in 600-Ni/TiO, was partially reexposed, 
and that this affected the product selectivity of 
the reaction. Accordingly, ex situ Ni 2p XPS 
spectra of the used 600-Ni/TiO, catalyst (after 
one reaction cycle, as in Fig. 3A) showed a higher 
Ni signal intensity than the reduced 600-Ni/ 
TiO», further supporting Ni reexposure under 
reaction conditions (fig. S27). 

To provide direct evidence for the reexpo- 
sure of the Ni surface under reaction condi- 
tions and to quantify the number of exposed 
sites, we performed operando FTIR spectros- 
copy experiments during CO/CO, cohydrogen- 
ation (Fig. 3, D and E) and CO, hydrogenation 
(fig. S38). The 400- and 600-Ni/TiO, catalysts 
showed similar CO, hydrogenation interme- 
diate signals, but with different relative inten- 
sities: CO.) bands were observed in the region 
2250 to 2100 cm, followed by relatively sharp 
bands at 2078 to 2062 cm” (peak positions 
depended on temperature; figs. S40 and S41), 
which we ascribed to adsorbed sub-carbonyl Ni 
(CO), (with x = 2,3) species (29-31). Ni(CO)4 
formation under the conditions of this study 
was ruled out by thermodynamic calculations 
(table $7). A component corresponding to 
Ni-CO;.) was observed in the spectral region 
between 2060 and 2032 cm’, whereas bridged 
CO (CO,,) adsorbed on Ni was observed in the 
spectral region between 1920 and 1940 cm. 
A series of bands at lower wave numbers 
were ascribed to adsorbates on TiOs, because 
they were also present over the pure support 
{fig. S42: adsorbed water peaks at 1616 cm”? 
[5 (OH)]; formate [HCOO ] peaks at 1580 and 
1375 cm™'; and carbonates [CO3”] peak at 
1433 em (32)}. 

Because the bands of adsorbed CO species 
(2078 to 1750 cm™') were absent over pure 
TiO, under the same reaction conditions (fig. 
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S42), these spectral features were taken as a 
measure of the extent of Ni surface exposure 
under reaction conditions. Assuming complete 
reexposure of 400-Ni/TiO. under reaction con- 
ditions, as evidenced by TEM (Fig. 1F and 
fig. S26), the integration of the CO bands for 
400- and 600-Ni/TiO, revealed a TiO, cover- 
age of ~ 50% for 600-Ni/TiO., decreasing with 
increasing reaction temperature (table S5). 
These results, combined with the STEM re- 
sults shown in Fig. 2, G to I, provided evidence 
for a reexposed Ni surface, partially covered by 
TiO, agglomerates, that remained on the Ni 
NP surfaces. 

Taking into account such a fraction of ex- 
posed Ni surface derived by operando FTIR 
spectroscopy, we calculated exposure-corrected 
turnover frequencies (TOFs) for methanation 
and C-C coupling (Fig. 3, F and G, and figs. $43 
and S44; see the supplementary materials for 
details). Although the geometrical (i.e., not 
corrected by coverage) TOFs of 400- and 
600-Ni/TiO, were comparable, the exposure- 
corrected TOFs of 600-Ni/TiO. were higher, 
indicating that the reexposed Ni sites had a 
higher specific activity for both methanation 
and C-C coupling. 


Mechanistic insights and structure sensitivity 


On the basis of our results, we propose a 
model of the restructured Ni/TiO», catalysts 
under reaction conditions to explain changes 
in surface chemistry and, ultimately, in cata- 
lyst performance. The higher methanation 
TOF for 600-Ni/TiO, may be explained by a 
change in most of the CO,4; species, from less- 
active, bridged CO,,, for 400-Ni/TiO, (Fig. 4, A 
and B) to more active, linear CO,,4, for 600-Ni/ 
TiO, (Fig. 4, C and D, and fig. S40B) (28). 
Because Ni NPs were larger in the 600-Ni/ 
TiO, catalyst, and more extended Ni surfaces 
should result in more bridged COzg; (33), 
this observation can best be explained by the 
formation of a patchy TiO, overlayer that 
increased the extent of the Ni-TiO, interface 
and led to fewer available sites for COpriage 
formation, even on extended surfaces. Similarly, 
the enhancement in CO hydrogenation TOF on 
Pt/TiO, catalysts was caused by cooperative 
adsorption of CO at the interface, with the C 
atom coordinated to Pt and oxygen on the 
oxygen-deficient TiO, (34). The formation 
of such structures was shown by the combi- 
nation of operando FTIR spectroscopy and 
HAADF-STEM results (Figs. 2 and 3). In the 
case of the 400-Ni/TiOs, the interface among 
Ni, TiO., and the gas phase is instead limited 
to the perimeter of the NP in contact with the 
support because of the complete removal of 
the TiO, overlayers under reaction conditions. 

The higher C-C coupling TOF for 600-Ni/ 
TiO, was also in contrast with previous obser- 
vations on Ni/SiO, catalysts, where C-C cou- 
pling was anticorrelated with methanation 
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activity, because it was limited by the high 
hydrogenation rate of CH,* (x = 0 to 3) ad- 
sorbates on Ni. Both C-C coupling and meth- 
anation having higher TOF for 600-Ni/TiO. 
suggested that an alternative pathway was 
available for C-C coupling in the presence 
of a patchy TiO, overlayer. We propose that 
the increased Ni-TiO, interface aided C-C 
coupling by providing a reservoir of C species 
in close contact with adsorbates on Ni and by 
stabilizing intermediates and transition states 
(Fig. 4D). Accordingly, calculations on TiO,/Ni 
catalysts showed that CO activation and CH-CH 
coupling were both more favorable at inter- 
facial Ni-TiO, sites (35). An alternative ex- 
planation for enhanced C-C coupling would 
involve reverse H spillover from Ni to TiO,, 
hindering hydrogenation of CH,* adsorbates 
by H*. However, this mechanism is not con- 
sistent with the observed higher methanation 
TOF, which requires H*. Ex situ XRD showed 
no extended TiO, phase transformation, such 
as from anatase to rutile, at 600°C (fig. S9) that 
could have affected the catalytic activity (36), 
although further studies are required to sub- 
stantiate this explanation. 


Discussion 


The observed restructuring of TiO, overlayer 
under reaction conditions was consistent with 
recent observations on Pt/TiO. by in situ TEM 
during reduction-oxidation-reduction cycles at 
600°C, in which oxidative treatments cause amor- 
phous TiO, islands to form, reexposing part of 
the metal surface (10). CO/CO, hydrogenation 
conditions were sufficiently oxidative to shift 
the thermodynamic equilibrium to TiO, (table 
S6). Our results show that, kinetically, a (partial) 
removal and restructuring of TiO, overlayers 
could occur even at temperatures as low as 
200°C, reexposing the active Ni surface. 

Both CO and CO, hydrogenations are structure- 
sensitive reactions (33, 37), meaning that the 
TOF in the reactions changes as a function of 
NP size (38). Nonetheless, structure sensitivity 
only resulted in lower TOF for NPs with di- 
ameters below 2 to 4 nm, well below the range 
considered in this study (28, 37). Conversely, 
NPs with larger sizes have been reported to 
have similar, or even smaller, TOF, which 
would make the effect of SMSI in TOF en- 
hancement even greater (33). Finally, C-C 
coupling was not strongly structure sensi- 
tive, according to theoretical calculations on 
Ni surfaces (28). Thus, the current observa- 
tions that the TOF of both methanation and 
C-C coupling increase with Ni NP size could 
not possibly be explained by classical structure 
sensitivity concept, which only accounts for 
Ni surface sites variation with NP size (39). 
Similar deviations from classical structure 
sensitivity were observed for Co-based cata- 
lysts in CO. hydrogenation, where partially 
reduced cobalt oxide covered with metallic 


clusters of a few Co atoms showed substan- 
tially higher intrinsic activity caused by inter- 
facial effects (40). 

In summary, here, we directly observed for 
the first time the restructuring of metal oxide 
overlayers under operating conditions and 
rationalized their effects on the activity and 
selectivity of Ni in CO/CO, hydrogenation 
reactions depending on the reduction tem- 
perature. A similar, although rudimental, mod- 
el of highly active interfacial sites was proposed 
by Burch e¢ al. in the 1980s to explain the 
higher activity of Ni/TiO. compared with Ni/ 
SiO, on the basis of chemisorption results alone 
(41). Evidence that overlayers may be stabi- 
lized under reaction conditions was reported 
for Rh/TiO, catalysts, where pretreatments in 
CO,-rich atmospheres lead to the formation of 
a more-persistent, “adsorbate-induced” SMSI 
(14). Recently, the enhancement of activity in 
methanol steam-reforming reaction was also 
correlated with the amount of Cu-ZnO, inter- 
facial sites (albeit observed ex situ), exhibiting 
faster kinetics for *CH,0 dehydrogenation and 
H,O dissociation (8). We now provide oper- 
ando evidence for the formation of Ni-TiO, 
interfacial sites and show their effect on cat- 
alytic performance. A similar operando ap- 
proach could be applied to understand many 
other chemical reactions in which the prox- 
imity of the active phase and support or pro- 
moters has been found to be essential for 
higher activity or better selectivity, such as 
olefins production over Fe-based catalysts pro- 
moted by K (42), CO oxidation over Pd/CeO, 
(43), or propane dehydrogenation over Pt/Sn/ 
CeO, (44). Crucial in this endeavor will be the 
simultaneous measurement of catalytic per- 
formance and the monitoring and control of 
the support, such as crystal phase, porosity, 
oxidation state, and exposed facets, and of the 
supported active phase nanostructure, such 
as NP size, shape, and composition. 


REFERENCES AND NOTES 


1. C. Vogt et al., Nat. Commun. 12, 7096 (2021). 

2. A.V. Puga, Catal. Sci. Technol. 8, 5681-5707 (2018). 

3. S.B. Vendelbo et al., Nat. Mater. 13, 884-890 (2014). 

4. S. J. Tauster, S. C. Fung, R. L. Garten, J. Am. Chem. Soc. 
100, 170-175 (1978). 

5. M. Tang et al., Angew. Chem. Int. Ed. 60, 22339-22344 
(2021). 

6. C. Wuet al., Nat. Commun. 11, 5767 (2020). 

7. S. Samira et al., JACS Au 1, 2224-2241 (2021). 

8. D. Liet al., Nat. Catal. 5, 99-108 (2022). 

9. M. Macino et al., Nat. Catal. 2, 873-881 (2019). 

0. A. Beck et al., Nat. Commun. 11, 3220 (2020). 

1. C. Hernandez Mejia, T. W. van Deelen, K. P. de Jong, 
Nat. Commun. 9, 4459 (2018). 

2. H. Frey, A. Beck, X. Huang, J. A. van Bokhoven, M. G. Willinger, 
Science 376, 982-987 (2022). 

3. S. Zhang et al., Nano Lett. 16, 4528-4534 (2016). 

4. J. C. Matsubu et al., Nat. Chem. 9, 120-127 (2017). 

5. A. Bergmann, B. Roldan Cuenya, ACS Catal. 9, 10020-10043 
(2019). 

6. X. Zhang et al., Nat. Catal. 3, 411-417 (2020). 

7. S. W. Chee, T. Lunkenbein, R. Schlégl, B. R. Cuenya, J. Phys. 

Condens. Matter 33, 153001 (2021). 
. AS. Kashin, V. P. Ananikov, Nat. Rev. Chem. 3, 624-637 (2019). 


co 


7of8 


& 


© 


R 


ESEARCH | RESEARCH ARTICLE 


19. 


20. 


al. 


22. 
23. 
24. 


25. 


26. 
27. 
28. 
29. 
30. 


31. 


32. 


33: 
34. 


35, 
36. 


Monai et al., Science 380, 644-651 (2023) 


S. Hwang, X. Chen, G. Zhou, D. Su, Adv. Energy Mater. 10, 
1902105 (2020). 

X. Zhang et al., ACS Catal. 9, 3551-3563 (2019). 

A. Dokania, A. Ramirez, A. Bavykina, J. Gascon, ACS Energy 
Lett. 4, 167-176 (2019). 

M. Li et al., ACS Appl. Energy Mater. 4, 12326-12335 (2021). 
T. Altantzis et al., Nano Lett. 19, 477-481 (2019). 

A. De Backer, G. T. Martinez, A. Rosenauer, S. Van Aert, 
Ultramicroscopy 134, 23-33 (2013). 

J. Fatermans, S. Van Aert, A. J. den Dekker, Ultramicroscopy 
201, 81-91 (2019). 
J. Fatermans et al., Phys. Rev. Lett. 121, 056101 (2018). 

E. B. Sterk et al., JACS Au 2, 2714-2730 (2022). 

C. Vogt et al., Nat. Commun. 10, 5330 (2019). 

K. Hadjiivanov et al., J. Catal. 185, 314-323 (1999). 

M. Agnelli, H. M. Swaan, C. Marquez-Alvarez, G. A. Martin, 

C. Mirodatos, J. Catal. 175, 117-128 (1998). 

C. Hernandez Mejia, C. Vogt, B. M. Weckhuysen, K. P. de Jong, 
Catal. Today 343, 56-62 (2020). 

A. Davydov, Molecular Spectroscopy of Oxide Catalyst Surfaces 
(Wiley, 2003). 

C. Vogt et al., Nat. Catal. 1, 127-134 (2018). 

B. Cornils, W. A. Herrmann, J.-H. Xu, H.-W. Zanthoff, Catalysis 
from A to Z: A Concise Encyclopedia (Wiley, 5th ed., 2020). 

. M. Xu et al., Nat. Commun. 13, 6720 (2022). 

. D. A. H. Hanaor, C. C. Sorrell, J. Mater. Sci. 46, 855-874 (2011). 


12 May 2023 


37. G. L. Bezemer et al., J. Am. Chem. Soc. 128, 3956-3964 
(2006). 

38. R. A. Van Santen, Acc. Chem. Res. 42, 57-66 (2009). 

39. C. Vogt, B. M. Weckhuysen, Nat. Rev. Chem. 6, 89-111 
(2022). 

40. A. Parastaev et al., Nat. Catal. 5, 1051-1060 (2022). 

Al. R. Burch, A. R. Flambard, J. Catal. 78, 389-405 (1982). 

42. Y. Han et al., ACS Catal. 10, 12098-12108 (2020). 

43. M. Cargnello et al., Science 341, 771-773 (2013). 

44. H. Xiong et al., Angew. Chem. Int. Ed. 56, 8986-8991 (2017). 


ACKNOWLEDGMENTS 


B.M.W. thanks NWO for a CHIPP Research Grant, a Gravitation 
Program [Netherlands Center for Multiscale Catalytic Energy 
Conversion (MCEC)] grant, and an Advanced Research Center 
Chemical Building Blocks Consortium (ARC CBBC) grant. We thank 
S. Turner for performing the STEM measurements, L. Smulders 
for Hz chemisorption experiments, C. Hernandez Mejia for 
performing the TPR-TPO experiments, and J. Harmel and K. Cheng 
for performing the Hz chemisorption measurements (all from 
Utrecht University). This work made use of the Dutch national 
e-infrastructure with the support of the SURF Cooperative using 
grant no. EINF-2959. Funding: This work was supported by BASF 
and NWO CHIPP (research grant to B.M.W.); the MCEC NWO 
Gravitation Program (B.M.W.); the ARC-CBBC NWO Program (B.M.W.); 
the European Research Council (grant 770887 PICOMETRICS to 


S.V.A.); and the European Research Council (grant 815128 REALNANO 
to S.B.). Author contributions: Conceptualization: M.M., K.J., 
A.E.M.M., S.B., B.M.W.; Funding acquisition: B.M.W., S.B.; Investigation: 
MM., KJ., AE.M.M., C.V., T.D., E.G, JIN.L., W.vd.S., B.S.; Methodology: 
MM., KJ. AE.MM., C.V., 7.0, BS. EG, JNL, BAL, SVA., TAS 
Project administration: E.G., P.B.; Supervision: M.M., B.M.W., S.B.; 
Visualization: K.J., M.M., A-E.M.M., T.D., J.N.L., E.A.L; Writing: 
M.M., K.J., A-E.M.M., S.B., B.M.W. Competing interests: The 
authors declare that no competing interests. Data and materials 
availability: All data needed to evaluate the conclusions in this 
study are present in the main text or the supplementary materials. 
License information: Copyright © 2023 the authors, some 
rights reserved; exclusive licensee American Association for the 
Advancement of Science. No claim to original US government 
works. https://www.science.org/about/science-licenses-journal- 
article-reuse 


SUPPLEMENTARY MATERIALS 


science.org/doi/10.1126/science.adf6984 
Materials and Methods 

Figs. Sl to S50 

Tables S1 to S11 

References (45-72) 


Submitted 7 November 2022; accepted 11 April 2023 
10.1126/science.adf6984 


8 of 8 


RESEARCH 


“Breath holding” as a thermoregulation 
strategy in the deep-diving scalloped 
hammerhead shark 


Mark Royer", Carl Meyer’, John Royer’, Kelsey Maloney’, Edward Cardona’, Chloé Blandino’, 
Guilherme Fernandes da Silva®“, Kate Whittingham®, Kim N. Holland? 


Fish moving between different thermal environments experience heat exchange via conduction 
through the body wall and convection from blood flow across the gills. We report a strategy of 
preventing convective heat loss at the gills during excursions into deep, cold water by the tropical 
scalloped hammerhead shark (Sphryna lewini). Adult scalloped hammerhead sharks dive rapidly and 
repeatedly from warm (~26°C) surface waters to depths exceeding 800 meters with temperatures 
as low as 5°C. Biologgers attached to adult sharks show that warm muscle temperatures were 
maintained throughout the deepest portion of each dive. Substantive cooling only occurred during 
the latter stages of the ascent phase and, once initiated, was rapid. Heat transfer coefficient 
modeling indicated that convective heat transfer was suspended, probably by suppressing gill 
function during deep dives. This previously unobserved strategy has broad similarities to marine 


mammal “breath hold” diving. 


s fish move from warm to cold water, 

metabolic heat generated in muscle tis- 

sue is carried away by the blood and is 

rapidly lost to the environment at the 

gills (, 2). Regionally endothermic fishes 
(those that warm part but not all of their 
body), such as lamnid sharks and tunas (fam- 
ilies Lamnidae and Scombridae), retain heat by 
using vascular countercurrent heat exchangers 
to keep specific organs or tissues warm during 
deep dives into cold water (3-7). Although large 
body sizes can passively buffer the rate of change 
of body temperature, most fishes, including 
the scalloped hammerhead shark (Sphyrna 
lewini), are ectotherms that lack morpholog- 
ical and vascular adaptations to actively con- 
serve heat (fig. S1). 

Scalloped hammerhead sharks occupy warm 
surface waters in tropical and warm temperate 
oceans but make repeated nocturnal dives to 
depths exceeding 800 m, where temperatures 
are as low as 5°C (8-11). These dives provide 
access to the slow-moving mesopelagic and 
bathypelagic prey that dominate their diets 
(12-18). Such deep diving is risky because body 
cooling can reduce visual acuity, cardiac func- 
tion, and swimming muscle power, which could 
be detrimental for obligate ram ventilators— 
fish that rely on their forward movement to 
force water across their gills for respiration— 
such as scalloped hammerhead sharks (4, 19). 

To determine how scalloped hammerhead 
sharks function in frigid water temperatures 
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experienced during deep dives, we equipped 
adult individuals with instrument packages 
that measured depth, ambient water tempera- 
ture, activity rates, and body orientation using 
triaxial accelerometers and measured core 
muscle temperature with a thermistor probe 
inserted ~8 cm into the dorsal musculature 
near the dorsal fin (table S1). Our specific ob- 
jectives were to (i) characterize swimming per- 
formance during repetitive deep dives and (ii) 
measure core body temperature during dives 
to determine whether core body temperature 
is a result of simple thermal inertia or active 
thermoregulation [distinct from simply select- 
ing optimal thermal environments to achieve 
optimal body temperature (20-22)]. 


Deep-diving behavior 

We defined deep dives as those exceeding 400 m 
with starting and ending depths <100 m. All 
deep dives (n = 106) were conducted at night 
(Fig. 1 and figs. S2 to S4) and consisted of five 
distinctive phases (Fig. 2, figs. S5 and S6, and 


¢ 


tables S2 and S3)—two with low activity 1 Spd 


and three with high activity. 


Slow descent to ~110 m (duration 
21.27 + 22.7 min) 


Beginning their dives at depths varying from 
the surface to 60 m, the sharks descended to 
~110 m with a gradually decreasing pitch angle 
(i.e., pointing increasingly downward) from 
0° to -15° with an average activity intensity [as 
measured by overall dynamic body acceleration 
(23)] of 0.7 + 0.2 m/s”, an average tailbeat fre- 
quency of 0.4 + 0.1 Hz, and an average tailbeat 
sway amplitude of 0.3 + 0.2 m/s”. 


Fast descent to bottom (duration 6.45 + 1.82 min) 


At ~110 m, the sharks abruptly oriented at a 
steep pitch angle between —70° and —80° and 
increased swimming intensity (with an aver- 
age overall dynamic body acceleration of 1.3 + 
0.4 m/s”). At depths between 300 and 500m _ . 
and while still at a steep dive angle, they con- 
ducted sporadic bursts of intense swimming 
activity lasting between 5 and 20 s, with over- 
all dynamic body acceleration increasing by 
more than an order of magnitude (with peaks 
averaging 22.2 + 12.0 m/s’ and peaking as high 
as 49.0 m/s”). The frequency of these burst ‘ 
events increased as the sharks approached the 
bottom of their dives. 


Bottom time (duration 4.3 + 3.02 min) ‘ 


The sharks reached an average maximum depth 
of 635 + 90 m with a range of 418 to 825 m. The 
bottom portions of the dives exhibited V-, U-, 
vU-, Uv-, and W-shaped depth profiles that are 
similar to those observed in deep-diving ma- 
rine mammals such as elephant seals and other 
fish species that bounce dive, such as sicklefin 
devil rays (Mobula tarapacana) (11, 24, 25). 
Tagged sharks would either hold a steady depth 
within a 30-m range (V- and U-shaped dives) + 
or move between depths varying by >100m ‘ 
(vU-, Uv-, and W-shaped dives). Intense swim- 
ming activity occurred either in frequent bursts 
or was sustained throughout the duration ofthe . 
bottom time (average overall dynamic body 


Table 1. Results from representative whole-body heat coefficient model 4 for scalloped 
hammerheads HH/7, HH8, and HH9. Parameter estimates include 95% confidence intervals. kz, 
whole-body heat transfer coefficient during normal swimming; kz, whole-body heat transfer coefficient 
during the high-activity phase of a deep dive; T,1, rate of temperature change because of internal 
(metabolic) heat production during normal swimming: Tyo, rate of temperature change because 

of internal (metabolic) heat production during the high-activity phase of a deep dive. 


Shark k, normal 
HH7 0.0175 + 0.0026 


k, diving 
0.0050 + 0.0031 


Too diving 
0.0522 + 0.0424 


T1 normal 
0.0040 + 0.0024 


HH9 0.0311 + 0.0007 


0.0020 + 0.0006 


0.0052 + 0.0003 0.0427 + 0.0090 


lof5s 


RESEARCH | RESEARCH ARTICLE 


acceleration values of 1.9 + 0.5 m/s” with bursts 
to 17.0 m/s’). Tailbeat frequency during this 
stage of the dive was difficult to distinguish 
because of the erratic nature of the movement, 
as indicated by rapid fluctuations in pitch and 
roll angles. 


Fast ascent to inflection point (duration 6.45 + 
1.9 min) 


Ascents began with a steep, abrupt increase in 
pitch angle to 70° to 80° and sudden increases 
in swimming intensity (tailbeat frequency = 
1.2 + 0.6 Hz; tailbeat sway amplitude up to 
4.5 m/s’, averaging 2.0 + 0.6 m/s”; and over- 
all dynamic body acceleration averaging 2.5 + 
0.3 m/s”, with average peaks at 10.5 + 6.6 m/s” 
and reaching as high as 41.1 m/s”). Sharks sus- 
tained this intense swimming effort and steep 
pitch angle until they reached depths of be- 
tween 350 and 250 m (average 290 + 19 m). 
At this point, there was a consistent inflection 
in the profile characterized by an abrupt de- 
crease in ascent rate associated with a change 
to a shallow pitch angle and reduction in swim- 
ming intensity (indicated by drops in overall 
dynamic body acceleration, tailbeat frequency, 
and tailbeat sway amplitude). 


Slow ascent to upper 50 m (18.12 + 3.55 min) 


After the inflection point, the sharks continued 
their ascent at a slower rate to roughly 50-m 
depth. Swimming activity was greatly reduced 
compared with the fast ascent phase (overall 
dynamic body acceleration averaging 1.2 m/s”, 
tailbeat frequency 0.5 Hz, and tailbeat sway 
amplitude 0.4 + 0.2 m/s”). During interdive 
intervals, sharks stayed within the top 50 m 
of the water column and resumed their char- 
acteristic nighttime side-swimming behavior 
of maintaining a rolled angle of ~60° during 
steady swimming (26) (fig. S5). Interdive in- 
tervals lasted an average of 43 + 28 min and 
ranged from 18 min to >3 hours. 

Overall, dives lasted an average of 56.0 + 
22.0 min (from the start of the slow descent 
to the end of the slow ascent). Bottom times 
(end of the fast descent to the start of the fast 
ascent) lasted an average of 4.0 + 3.0 min. The 
average high-activity phase of the dives (from 
the start of the fast descent to the end of the 
fast ascent at the inflection point) lasted an 
average of 17.0 + 3.5 min (table S3). Between 
deep dives, sharks spent most (98%) of their time 
between 175 m and the surface, with ambient 
water temperatures averaging 25.6°C (+1.6°C) 
and shark intramuscular temperatures averag- 
ing 26°C (+0.4°C) with a narrow variation (mini- 
mum 21.3°C, maximum 28.2°C) (table S4). 


Body temperature profiles 


At the bottom of deep dives, sharks experienced 
ambient temperatures of 5° to 11°C [mean 6.8°C 
(+1.2°C)]. Thus, during the fast descent phase 
of a dive, they experienced an ~20°C drop in 
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Fig. 1. Scalloped hammerhead shark diving behavior and temperature. (A) Eleven days of depth 

(top), ambient (blue), and intramuscular (red) temperature profiles from scalloped hammerhead shark HH7. All 
deep dives were conducted at night (gray shading). (B) Depth (top), ambient (blue), and intramuscular (red) 
temperature profiles from scalloped hammerhead shark HH7 during six deep dives conducted in a single evening. 


water temperature over a period of 5 to 7 min 
(tables S3 and S4). However, the body temper- 
ature of the sharks did not change appreciably 
until rapidly cooling as the shark approached 
the surface waters during the final ascent stage 
of the dive (Fig. 2B and figs. S7 to S9). 

During their fast descents into cold water, 
shark body temperatures initially cooled very 
slightly (0.1°C) but then either held constant 
or warmed again slightly (0.1° to 0.25°C) dur- 
ing the rest of the descent and through at 
least half of their bottom time. After an average 
of 4 min of bottom time and during the initial 
fast ascent, body temperatures began to drop 
slowly (0.03° + 0.02°C/min). Near the inflection 
point of the ascent (290-m average depth), 
heat loss increased by an order of magnitude 


to 0.23° + 0.15°C/min. Body temperatures con- 
tinued to drop at this faster rate until the final 
phase of the dive, when sharks leveled off in 
the surface mixed layer (Fig. 2 and figs. S7 to 
S9). Thus, sharks experienced an average drop 
in body temperature of 2.8°C from the bottom 
of their dive to the start of their surface in- 
terdive interval, with the greatest heat loss oc- 
curring around the ascent inflection point 
(290-m average depth) that is concurrent with 
an abrupt decline in swimming intensity (Fig. 
2, figs. S7 to S9, and tables $2 and S3). 


Whole-body heat transfer coefficient (k) modeling 


Heat exchange is proportional to the differ- 
ence between body temperature and ambient 
water temperature 
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Fig. 2. Scalloped hammerhead shark swimming behavior and body temperature during deep dives. 
(A) Depth profiles (black), body temperature (red), ambient water temperature (blue dashed), and swimming 
activity [tailbeat sway acceleration (green)] during two successive deep dives by shark HH7. Dotted lines 
indicate the inflection point of the ascents when the swimming activity and pitch angle abruptly decrease. 
(B) Distinct phases of a deep dive using a representative dive. Shown are depth (black), intramuscular 
temperature (red), and tailbeat sway acceleration (green). 


dT, (t) 
dt 


pad k[Ta(t) Tp(t)] t Ly (1) 


where & is the whole-body thermal rate co- 
efficient (degrees Celsius per minute per 
degree Celsius), T,(¢) is the ambient water 
temperature (degrees Celsius) as a function of 
time ¢, 7,(4 is the core muscle temperature 
(degrees Celsius) as a function of time ¢, and 
T, is the rate of temperature change because 
of metabolic heat production (degrees Celsius 
per minute) by the swimming muscles (27-32). 
The whole-body heat transfer coefficient (x) 
accounts for both convective heat transfer (i.e., 
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heat exchange between blood flowing through 
the gills and ambient seawater) and conductive 
heat exchange across the body wall (33-35). 
Predicted values of the whole-body heat trans- 
fer coefficient (x) and rate of temperature 
change because of metabolic heat production 
(75) were modeled to match the observed rates 
of body warming and cooling (27, 28). 
Modeling (x) for three sharks revealed that 
more than one & value is needed to accurately 
describe the rate of heat transfer required to 
produce body temperatures observed during deep 
dives. Model 4, which used two k and two T, 
(heat production) values based on the different 


phases of the deep dives, was the most accurate 
in replicating the observed body temperatures 
(Table 1, table S5, Fig. 3, and figs. S10 and S11). 

Values for Xz estimated for the intense swim- 
ming phases (fast descent, bottom time, and 
fast ascent) of deep dives were an order of 
magnitude less than k, values estimated for 
the slow descent and slow ascent phases of the 
dive (Table 1). This indicates a substantially 
slower rate of heat transfer during the intense 
swimming phases of deep dives and suggests 
the existence of a mechanism enabling them 
to reduce heat loss and conserve body temper- 
ature until they reach the inflection point 
during ascent. The modeled metabolic heat 
production during the intense swimming 
phases of deep dives, 7,2, was greater than the 
heat production rate during slow swimming, 
T o1, by a factor of ~3 to 13 (Table 1). 

Scalloped hammerhead k7:k, ratios were ex- 


ceptional compared with those of other ecto- , 


thermic sharks and fishes of similar body 
sizes [e.g., the blue shark (Prionace glauca)] 
and were comparable to those of regionally 
endothermic species, such as the bigeye tuna 
(Thunnus obesus) and swordfish (Xiphias 
gladius), both of which have specialized ana- 
tomical adaptations for conserving body heat 
(32) (fig. S12). The large differences in the 
heating and cooling coefficients of the scal- 
loped hammerhead sharks in our study exceed 
those of the ectothermic ocean sunfish (Mola 
mola), which exhibits similarly large differ- 
ences in these coefficients. This is surprising 
because the disk-like anatomy of the ocean 
sunfish is well suited for surface basking for 
rewarming, whereas scalloped hammerhead 
sharks have a more typical fusiform shape 
similar to that of blue sharks or makos (/surus 
oxyrynchus). It is worth noting that although 
the coefficient differences and ratios of the 
scalloped hammerhead sharks are compara- 
ble to those of regionally endothermic spe- 
cies, scalloped hammerhead sharks lack the 
specialized anatomy characteristic of these spe- 
cies (32) (figs. SI and S12). 

The whole-body heat transfer coefficient was 
also estimated for two dead adult scalloped 
hammerheads that were obtained as freshly 
dead incidental fisheries mortalities (table S6). 
The single-& value model 1 was used because 
heat flux can only be attributed to conductive 
heat transfer across the body wall (there is no 
blood flow to the gills to support convective 
heat transfer), and physiological processes are 
absent. The whole-body heat transfer coef- 
ficients (k) from the dead sharks (0.0039° 
and 0.0038°C min * °C’) were similar (between 
0.0011° and 0.0019°C min °C" difference 
for comparably sized sharks HH7 and HH9, 
0.0121°C min °C"! for the smaller HH8) to 
the k, values estimated for the tagged scal- 
loped hammerheads during the intense phases 
of their deep dives using model 4 (Table 1 and 
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Fig. 3. Body temperature modeling across repetitive deep dives. Observed (yellow) and modeled 
intramuscular temperature during six deep dives from scalloped hammerhead shark HH7 with depth (black). 
Model 1 (blue dashed) assumes that the rate of heat exchange between the shark and the environment 
(k) and the rate of temperature change because of metabolic heat production (T,) is constant and not 
altered by the shark. Model 4 (cyan solid) assumes k, and T,, when the shark is swimming normally and k» 
and 7,2 during the high activity phases of a deep dive. The optimized parameters for each model were 
estimated on the basis of the coefficient of determination (R*) between the observed and predicted body 
temperature. Models were run for each night that consisted of more than one deep dive for each shark. Start and stop 
times for each model duration were arbitrarily set to include all deep dives within a night duration and to include the 
durations where body temperature reaches the ambient temperature after the conclusion of a series of deep dives. 


table S6). The similarity of the heat transfer 
coefficients of the dead sharks and the ko 
values of similarly sized live sharks indicates 
that scalloped hammerheads do not lose body 
heat through convective heat transfer at the 
gills during the intense swimming phases of 
their dives. 


Discussion 


If convective heat transfer occurs at the gills 
throughout the dive, body cooling should rou- 
tinely begin and persist during the deeper 
stages of the dive; yet, this is not the case. 
Instead, these sharks maintained an elevated 
body temperature (up to 20°C above ambient) 
during most of each dive and only rapidly lost 
heat near the inflection point in the ascent. 
Sharp changes in body temperature at differ- 
ent points of the dive cannot be explained by 
simple passive buffering, and the apparent 
lack of convective heat transfer suggests that 
scalloped hammerhead sharks have an active 
mechanism to prevent heat loss from their 
gills during excursions into cold water. Possible 
mechanisms include shunting blood away from 
the gills or reducing the flow of water across 
the gills by reducing ram-ventilation by clos- 
ing the mouth, the gill slits, or both. Either 
mechanism will inhibit the shark’s ability to 
absorb oxygen from the environment. Essen- 
tially, the sharks seem to be holding their 
breath. We believe that the breath holding 
mechanism is the closing of the gill slits, and 
video evidence supports this contention. For 
example, remotely operated vehicle (ROV) foot- 
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age (36) of an adult scalloped hammerhead 
shark swimming at a depth of 1043 m off 
Tanzania appeared to have its gill slits closed, 
whereas videos of scalloped hammerhead 
sharks in surface waters shows their gill slits 
open (figs. $13 and S14). No anatomical evi- 
dence of true vascular shunts at the gills has 
been observed in sharks (37); therefore, the 
most parsimonious explanation for the ob- 
served heat retention is closing of the gill 
slits. Further research is needed to confirm 
the gill closing hypothesis, for instance by at- 
taching cameras to the pectoral fins of sharks 
that would capture the opening or closing 
of the gills. The faster decline in body tem- 
perature at or near the ascent inflection 
point (250- to 300-m depth) probably reflects 
reopening of the gill slits and the resump- 
tion of convective heat transfer. The interdive 
period might facilitate repayment of oxygen 
debt incurred from the recruitment of the 
white anaerobic musculature during the sprint- 
ing portion of each dive. This highly active 
swimming combined with apparent breath 
holding should be reflected in the activity 
levels of key muscle enzymes involved with lo- 
comotion and energy mobilization and should 
be examined further. 

The physiological advantages conferred by 
maintaining a warm body temperature at 
depth enable scalloped hammerhead sharks to 
exploit resources in the cold mesopelagic 
depths lying below warm surface waters (38). 
These advantages are similar to those ascribed 
to so-called high-performance, regionally endo- 


thermic fishes, such as tuna and lamnid sharks, 
and include faster swimming capability be- 
cause of enhanced muscle power output and 
enhanced enzyme and cardiac performance 
and neural processing (39). These benefits 
are consistent with our observations of burst 
swimming and high activity rates at the bot- 
tom of dives that may be feeding events. Feed- 
ing events are probably very brief. Hence, even 
if the sharks fleetingly open their gills while 
feeding at depth, it would be unlikely to be 
reflected in the core muscle temperature. For 
example, recorded feeding events at depth in 
blue sharks (Prionace glauca) (32) and ocean 
sunfish (Vola mola) (30) did not result in de- 
tectable changes in muscle temperature. 

There are distinct physiological differences 
between scalloped hammerhead sharks and 
high-performance fishes. The latter maintain 
warm muscles and sensory organs during dives, 
but they are nevertheless affected by reduc- 
tions in heart function because the heart is 
supplied by cold blood flowing from the gills 
(40-45). By reducing convective heat loss at 
the gills, scalloped hammerhead sharks main- 
tain both muscle and heart temperature, there- 
by possibly preserving cardiac function during 
deep dives (45). 
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BLACK HOLE PHYSICS 


Optical polarization from colliding stellar stream 
shocks in a tidal disruption event 


I. Liodakis*, K. I. I. Koljonen’”°, D. Blinov**, E. Lindfors', K. D. Alexander®”, T. Hovatta’?, 
M. Berton’, A. Hajela®®, J. Jormanainen*”°, K. Kouroumpatzakis*°™, N. Mandarakas*°, K. Nilsson? 


A tidal disruption event (TDE) occurs when a supermassive black hole rips apart a passing star. Part of the stellar 
material falls toward the black hole, forming an accretion disk that in some cases launches a relativistic jet. We 
performed optical polarimetry observations of a TDE, AT 2020mot. We find a peak linear polarization degree of 25 + 
4%, consistent with highly polarized synchrotron radiation, as is typically observed from relativistic jets. However, 
our radio observations, taken up to 8 months after the optical peak, do not detect the corresponding radio 
emission expected from a relativistic jet. We suggest that the linearly polarized optical emission instead arises 
from shocks that occur during accretion disk formation, as the stream of stellar material collides with itself. 


tidal disruption event (TDE) occurs when 

a star passes close enough to a super- 

massive black hole (BH) for the star’s self- 

gravity to be overpowered by tidal forces 

produced by the BH’s gravitational po- 
tential (7). As the star is torn apart, roughly half 
of the gas forms an accretion disk before fall- 
ing into the BH. The disruption leads to an 
outburst of emission which peaks in the ultra- 
violet (UV) and soft x-rays, with a spectrum 
corresponding to a black body at temperature 
~10° K. This is followed by a steady decline, 
regulated by the rate of gas fall toward the black 
hole, with emissions proportional to ~t°/? 
(where ¢ is the time since peak brightness) 
(1). Multiwavelength observations of TDEs 
have shown that some lead to the BH launch- 
ing a relativistic jet of plasma (2). TDEs can 
therefore provide information on the early 
stages of formation for both accretion disks 
and relativistic jets. 

Some TDEs, known as optical TDEs (3), have 
emissions that instead peak in the optical- 
UV range, having a lower black body temper- 
ature than typical TDEs. Optical TDEs are 
typically faint or undetected in radio and 
x-rays and do not show evidence of a jet. The 
emission profile of such events is not con- 
sistent with the standard theoretical model 
(1) of non-optical TDEs (also known as x-ray 
TDEs); several alternative models have been 
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proposed to explain this divergence. Possible 
explanations include x-ray emission reproc- 
essed to UV-optical wavelengths by surrounding 
gas (4), or emission powered by tidal shocks that 
form as a result of the star’s gas stream colliding 
with itself as it flows around the black hole 
during accretion disk formation (known as 
the outer shock model) (5). There is observa- 
tional evidence in favor of both models. For 
example, the brightness evolution and spectrum 
of the TDE AT 2018fyk have been interpreted 
as evidence for reprocessed emission (6). Sim- 
ilar conclusions have been reached for two 
other TDEs, AT 2018hyz and AT 2019qiz, based 
on their spectral line properties (7, 8). In con- 
trast, the late-time x-ray brightening of the TDEs 
ASASSN-150i and AT 2019azh have been inter- 
preted as due to the late accretion disk forma- 
tion expected in the outer shock model (9, 10). 
The reprocessing and outer shock models 
make similar predictions for the total emission 
intensity, light curve, and late-time emission 
(e.g., x-ray brightening). However, their polar- 
ization properties are expected to differ sub- 
stantially. Previous polarization studies have 
reported a single detection of ~7 to 8% polar- 
ized near-peak emission for TDEs with jets 
and ~1 to 2% for optical TDEs (77-14). Other 
observations have yielded only upper limits. 
Polarization measurements could potentially 
be used to determine the orientation of the 
accretion disk or the jet magnetic field. 


Observations of AT 2020mot 


We measured the optical polarization of AT 
2020mot (also known as ZTF 20abfcszi or Gaia 
20ead), an optical TDE identified in June 2020 
that occurred in a nearby galaxy, at redshift z = 
0.07 (15). It was classified as a TDE because it 
showed broad He II and hydrogen (Balmer) 
emission lines in the optical spectrum (16). We 
supplemented our polarization observations 
with archival radio, x-ray, photometric, and 
spectroscopic observations taken up to eight 
months after the optical peak (17). We also 
performed radio observations with the Karl 
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nm. 
G. Jansky Very Large Array (VLA) which oot 
not detect the transient source, and nol. — 
archival x-ray observations by the Neil Gehrels 
Swift Observatory (Swift); both non-detections 
are not uncommon for an optical TDE. Near the 
optical peak [at Modified Julian Date (MJD) 
59077.8] the 3 o upper limit on radio emission 
at 15 GHz was < 27 microjansky (Jy). 

Radio observations at lower frequencies 
(1 to 7 GHz), taken more than six months after 
the optical peak, detect a point source with a 
power-law spectrum. This is consistent with 
optically thin emissions and the non-detection 
at 15 GHz and indicates synchrotron emission 
from star formation in the host galaxy. The 
star formation rate (SFR) calculated from 
the radio observations differs by 2.3 o from the 
star formation rate estimated using infrared 
data (17). During the decay phase, an x-ray 
source was detected with flux of 0.00160.0004 
counts-s~’ from the direction of AT 2020mot 
(17). The Swift and XMM-Newton observations, 
taken ~6 to 8 months (MJDs 59270.5, 59306.4, 
and 59308.4) after the peak, did not find any 
increase in the x-ray emission (17). We therefore 
attribute all the x-ray emissions to a contam- 
inating source, likely a background active ga- 
lactic nucleus (AGN). The measured UV and 
optical fluxes, six to eight months after the 
optical peak, do not indicate any elevated ultra- 
violet activity above the background level from 
the host galaxy. Additional spectroscopic ob- 
servations using the Nordic Optical Telescope 
(NOT), taken about six months after the out- 
burst peak (MJD 59264), did not detect any 
optical emission lines associated with the TDE 
(17). All these observed properties are consistent 
with AT 2020mot being a typical optical TDE (77). 

We began optical polarization observations 
of AT 2020mot ~25 days after the outburst 
peak, using the RoboPol polarimeter mounted 
on the 1.3-m telescope of the Skinakas Observ- 
atory, Crete (18). We used RoboPol to observe 
the source 3 times, separated by ~20 days 
each. We performed a fourth polarization 
observation using NOT on MJD 59164, which 
was before the R-band optical flux reached 
the host galaxy level. Figure 1 shows the r- 
band light curve from the Zwicky Transient 
Facility (ZTF) (79), and our measured evolu- 
tion of the polarization degree (II) and the 
polarization angle (PA) (17). We find a low 
polarization degree (II ~2%) for the first 
observation, similar to the values previously 
reported from other optical TDEs (72). The 
second observation showed a higher level of 
polarization (II ~7%) similar to TDEs with a 
jet, accompanied by a change in the PA. The 
last two observations showed a decline in IT 
with a stable PA (within the uncertainties). 
After removing the unpolarized contribution 
of the host galaxy, we calculate that the source 
reached an intrinsic IT = 25 + 4% at the time of 
the second observation (17). 
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Fig. 1. Optical light curve and polarization measurements of AT 2020mot. (A) r-band brightness [black triangles, 
data from (19)], showing the temporal evolution. (B) Observed polarization degree in the V-band (purple circles), 
R-band (black triangles), and /-band (red squares). Green symbols indicate the values after correction for the 
host galaxy, in the V-band (green circle), R-band (green triangles), and /-band (green square). (C) Same as (B) but 
for the polarization angle. In all panels, error bars indicate the 68% confidence interval, and the vertical dashed lines 
show the characteristic times calculated using the outer shock model for 1.5 x to (black), 2 x to (red), and 3 x to 
(magenta). We infer that the disruption happened before the rise of the r-band light curve, at <59026 MJD. 


Interpretation of the optical polarization 

The high polarization degree observed in AT 
2020mot is most likely to have been produced 
by synchrotron radiation. We consider whether 
this could be due to the formation of a rela- 
tivistic jet, which could explain both the observed 
polarization level and its variability. The lack of 
both radio and x-ray detections near the peak 
of the TDE allows us to reject a collimated jet 
viewed at a small angle to the line of sight. This 
is consistent with the observed rarity of TDEs 
with jets (2). On-axis gamma-ray burst jets—the 
only other transient short-lived jet source—have 
been observed to have high IT near the y-ray 
peak, which steadily declines over time with 
either a stable PA or exhibiting 90° jumps (20-22), 
which we do not observe. It is possible that an off- 
axis jet could produce radio and x-ray emission 
that IS delayed with respect to the outburst 
peak (23). However, we would then expect that 
the jet opening angle would increase over time 
(24), causing a late-time brightening in both 
radio and x-ray emission. There was no such 
increase in brightness at the time of our ob- 
servations. An off-axis jet would not contrib- 
ute substantially to the emissions at early times, 
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so could not produce the observed IT = 25% 
even if the jet was maximally polarized. 

Scattering from an accretion disk can polar- 
ize the optical emission. The theoretical maxi- 
mum degree of polarization that can be produced 
by scattering is IT = 11.7% for an exactly edge-on 
disk, and rapidly declines toward a pole-on 
oriented disk (25). In a disk scattering sce- 
nario, we would expect the PA to remain ata 
constant value, set by the scattering geometry. 
Both the higher value of I and the PA variability 
lead us to reject accretion disk scattering as the 
origin of the polarized emission. 

In an alternative reprocessing scenario, 
polarized emissions would arise from radiation 
emitted by an accretion disk that is scattered by 
the optically thick obscuring material left 
behind from the disrupted star. In this case, a 
clumpy medium could cause polarization angle 
variability, but the polarization degree is ex- 
pected to be <10% (26). Reprocessing models 
often invoke an accretion disk wind for the 
obscuring material. The quasi-spherical geom- 
etry of the disk wind is expected to produce 
low polarization as a result of symmetry. The 
disk wind is also expected to produce detectable 
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radio emissions (27), which we do not find. Nor 
was there any UV or x-ray enhancement or spec- 
tral lines associated with reprocessing. We there- 
fore reject the reprocessing scenario as the 
origin of the optical emission from AT 2020mot. 
Another possibility is stellar stream shocks 
(5, 28). In this scenario, the gas from the dis- 
rupted star does not immediately form an accre- 
tion disk, as in the standard TDE model (1). 
Instead, the stellar stream flowing around the 
BH collides with itself. The collision forms shocks 
that dissipate some of the energy in the flow of 
stellar material, reducing the eccentricity of the 
stream (shifting it closer to the circular orbits 
of an accretion disk). The energy dissipated 
could account for all the optical emissions. 


Colliding stellar streams model 


Figure 2 shows a schematic of our proposed 
scenario for AT 2020mot. The UV and optical 
spectral energy distributions of optical TDEs are 


usually consistent with a nearly constant tempe- : 


rature black body model (29). However, we found 
that at some times a power-law model provides 
a better fit to the spectral energy distributions 
of AT 2020mot. This indicates that the UV- 
optical emission arises from either a modified 
black body or a combination of several emis- 
sion components. To obtain an estimate for the 
bolometric luminosity of AT 2020mot at the 
peak of the outburst, we fitted the UV-optical 
spectrum of the peak with a black body model, 
finding a luminosity of (1 + 0.2) x 10“ erg x s? 
and a temperature of 21,800 + 1600 K (17). 

Applying these values to a previously- 
published outer shock model (30), we esti- 
mate a BH mass of 3.6 x10° solar masses (Mo), 
disrupted star mass M, = 1.3Mo, and orbital 
timescale of the innermost material to ~ 43 days. 
Figure 1 indicates the model’s predicted peak 
position at 1.5 x t), which is consistent with 
the observed light curve. In the outer shock 
model, the emission during the initial rise is 
dominated by the shock formed at the peri- 
center (also known as the nozzle shock, labeled 
shock 1 in Fig. 2A) of the stellar stream orbit 
(28). At the outburst peak (Fig. 2B), the re- 
verse and forward shocks (the outer shocks, 
labeled shocks 2 and 3) have formed. By 2 x to, 
the outer shocks account for a larger fraction 
of the optical emission, which coincides with 
our measurement of the highest IT value and 
the change in PA (Fig. 1). 

The degree of polarization produced by each 
shock depends on the shock compression and 
its orientation with respect to the line of sight 
(7). The observed polarization behavior can 
then be produced as the sum of multiple shocks 
with differing PAs and varying contributions to 
the total emission. Changes in orientation of 
the shocks, as well as changes in their relative 
contributions, could produce large variations in 
II, similar to the behavior observed due to the 
presence of multiple shocks in AGN jets (37). 
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Fig. 2. Schematic diagram of the qualitative tidal stream shock model. Each panel shows a different 
time. The black circle indicates the supermassive black hole, the red shading is the stream of material from the 
disrupted star, and black lines indicate the locations of shocks. (A) Shock 1 forms after the stellar disruption and 
dominates the optical emission during the rise of the light curve. (B) By 1.5 x to, two additional shocks have 


formed, and the light curve reaches its peak brightness 
for increasing fractions of the emission. (C) By 3 x to 
1.5 x to and 3 x to, the changing shock orientation an 
the polarization degree and polarization angle to vary. 


By 3 x to (Fig. 2C), the emission is dom- 
inated by the outer shocks. Subsequent weak- 
ening of the shocks, an increase in turbulence, 
or the breakup of shock 2 could then produce 
the observed decrease in the observed IT. The 
evolution of the optical-to-UV spectrum (17) is 
also consistent with a varying contribution to 
the emissions from different shocks. 

The match between this model and the 
observations of AT 2020mot lead us to favor 
tidal stream shocks as the origin of the optical 
emission. In this scenario, the lack of late time 
UV or x-ray brightening can be interpreted as 
demonstrating that the system had not formed 
an accretion disk eight months after the optical 
peak. However, a weak accretion disk emitting 
at a lower flux than the host galaxy cannot be 
excluded by the observations. AT 2020mot is 
similar to other optical TDEs, so we suggest that 
the tidal stream shock model might explain 
the difference between optical and x-ray TDEs. 
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Comment on “Exceptional preservation of organs in 
Devonian placoderms from the Gogo lagerstatte” 


Bjarke Jensen’, Antoon Fransiscus Maria Moorman!, Tobias Wang’, Peter Rask Moller**, 


José Manuel Icardo®, Henrik Lauridsen® 


Trinajstic et al., (Science, 16 September 2022, p. 1311-1314) describe exceptionally well-preserved 
organs in fossilized Devonian placoderms to infer the early evolution of the vertebrate heart. We argue 
that the report has numerous shortcomings and examples of mixed specimen codes. Further, we 
question whether there indeed is any evidence for a mineralized chambered heart in these placoderms. 


rinajstic and colleagues recently reported 

on exceptional preservation of organs in 

Devonian placoderms from the Gogo 

lagerstatte (7). The specimens are ex- 

quisite and the generated datasets can 
be of great value to future studies of the 
heart if their presentation is accurate. As 
the main finding, the authors describe that 
the atrium is positioned dorsally to the ven- 
tricle as in more recent lineages of fish. 
However, the atrium is actually ventral to 
the ventricle in the one specimen where 
the dorsoventral axis is unambiguous (Fig. 1, 
Ato C) (nominally specimen MV P230859 but 
actually WAM 18.4.2, see below). The alleged 
outflow tract shows an unprecedented sharp 
left-ward bend (Fig. 1B). Proportionally, the 
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heart is extremely small, even considering the 
possibility of soft tissue shrinkage during 
fossilization (J), and it is difficult to envi- 
sion how it could have supported the meta- 
bolic demands of a living placoderm. We argue 
that the described heart does not resemble any 
known vertebrate heart. 

The morphology of the cardiac chambers of 
specimen WAM 2020.2.1 is also inconsistent 
with current knowledge. Fossilized fish heart 
chambers have previously been shown to have 
the thin-walled atrium and thick-walled ven- 
tricle that is well established in hearts of all 
extant vertebrates, from hagfish to humans 
(Fig. 1, D and E) (2-4). Accordingly, the thin- 
walled atrium only has one-sixth the mass of 
the ventricle (4) which reflects it only has to 
fill the relaxing ventricular cavity, whereas 
the ventricle has to provide enough pressure 
to circulate blood through the entire organism. 
Yet, the cavities of WAM 2020.2.1 do not show 
the expected differences in wall thickness 
(Fig. 1, F to I). From the publicly available 
image stack, we reproduced the labelling of 
the alleged atrium and ventricle (Fig. 1, J to 
L). We argue that the walls surround a single 
cavity, labelled in orthogonal planes, meaning 
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there is no evidence for two chambers (Fig. 


Chec 
. A upd: 
How the dorsoventral axis was establishe 


not clear. 

We believe that the correct official acronym 
for Museums Victoria specimens is NMV and 
not MV as used in (J). This is an important 
detail if specimens are to be reexamined. We 
could not reproduce the published views of 
the alleged heart of specimen “MV P230859”. 
The authors could then clarify the heart is in 
a different specimen (WAM 18.4.2) in which, 
when the image stack became available, we 
could reproduce the published views. The 
contents of this specimen, however, has no 
description (7). Also, we believe that the 
spiral intestine of two specimens of apparently 
different sizes are documented by photographs 
of what is likely the part-counterpart pair of the 
same fossil (Fig. 2). One specimen is extraordi- 
narily large compared to previously reported 
specimens of the same species (5), if the 
scale bar is correct that relates to its atrium 
(Fig. 1F). Analyses of ontogenetic changes 
could be severely hampered if the published 
scales are inaccurate. 

In summary, for the main finding of the 
paper to stand, it requires 1) the presence of 
fossilized heart, 2) distinct chambers, and 3) a 
dorsally positioned atrium. We can neither 
confirm nor disprove whether there are any 
fossilized remains of the heart, but criteria 2) 
and 3) have not been met in the paper in its 
current state. Exquisite fossils have been 
found (1), but their full value can only fully 
be exploited if major corrections are made 
to their presentation. 
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Fig. 1. (A) X-ray of nominally specimen MV P230859 but actually WAM 18.4.2 [from figure S4K of (1)]. 

(B) Adaptation of figure 1G of (1) showing the reconstructed heart in ventral view. (€) Lateral view of the 
reconstructed heart, showing the atrium is ventral. Adapted from figure S4H of (1), the label “atrium” is 
from the original figure. (D and E) X-ray of fossilized fish heart (D), adapted from (2), and histological section 
of the zebrafish heart (E), from (6). (F to 1) Heart chamber labelling of specimen WAM 2020.2.1 from (1). 
(J to L) Our reproduction of heart chamber labelling of (1), specifically their figure 1B (blue), figure 1D 
(red), and figure S4B (yellow). Image viewing and segmentation was performed in Amira (version 2020.2, 


Thermo Scientific). (M) The three labels surround the same cavity. 
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Figure 2G, specimen “WAM 09.4.1” Figure S1I, specimen “MV P229694” 


Both scale bars are “1 cm”. 


Fig. 2. Two specimens are documented with what we argue is part-counterpart of the same fossil and with very different scale bars. Images reproduced from (1). 
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of organs in Devonian placoderms from the 


Gogo largerstatte” 


Kate Trinajstic'2*, John Long**, Sophie Sanchez®®, Catherine A. Boisvert', Daniel Snitting®, 
Paul Tafforeau®, Vincent Dupret®, Alice M. Clement®, Peter D. Currie’, Brett Roelofs’, 
Joseph J. Bevitt®, Michael S.Y. Lee*®, Per E. Ahlberg? 


Jensen et al. (1) question evidence presented of a chambered heart within placoderms, citing its small 
size and apparently ventral atrium. However, they fail to note the belly-up orientation of the placoderm 
within one nodule, and the variability of heart morphology within extant taxa. Thus, we remain confident in 
our interpretation of the mineralized organ as the heart. 


rthrodires conform to the same patterns 

of anatomy as living gnathostomes, par- 

ticularly in their general bauplan and 

tissue development (2, 3). However, like 

all fossil soft tissues, the organs of these 
placoderms (2) are modified by taphonomy 
(4-7). They are emphatically not “fossil dissec- 
tions” that can straightforwardly be compared 
with fresh animal specimens (5). To take an 
obvious example, the best-preserved liver is 
fractured into two parts and the associated 
stomach is ruptured ventrally [figure 2, C and 
I, in (2)]. 

As for the heart, we begin by noting that it 
lies exactly where we would expect a heart 
[figure 1F in (2)]—and where we would not 
expect any other organ (3, 8). Furthermore, 
it is the right size and shape for a heart and 
contains an internal cavity [figure 1, A to D, 
in (2)]. Jensen et al. (1) claim that the atrium is 
ventral to the ventricle but this is not true. 
WAM 20.2.1 is lying belly-up within the sedi- 
ment, as dead fish often do; when the arthro- 
dire is orientated to life position the atrium 
is dorsal. As with our fossils (2), Rhacolepis 
buccalis (9) shows imperfect alignment, and 
compression of the heart in relation to the 
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body axis. We therefore regard our identifica- 
tion as secure; there is no plausible alternative 
to it being the heart. 

All fossils with soft tissue preservation show 
evidence of decomposition which in fact is re- 
quired for preservation (2, 4-7). However the 
amount of decay and associated morpholog- 
ical loss is variable (4-9). Thus, contra to 
Jensen et al. (1) the preservation of anatomical 
components in one specimen (9) cannot be 
taken as evidence that the same feature is 
preserved in all specimens. They (J) are in- 
correct in stating cardiac chamber morphol- 
ogy is inconsistent with current knowledge. 
Although the chambers of the heart are visible 
in WAM 2020.2.1 decay, causing muscle slip- 
page, precludes determining the wall thick- 
ness or chamber volume (2). In WAM 18.4.2 
(mislabeled as MV P230859), no internal struc- 
ture of the heart is preserved [figure S4, G to H, 
in (2)]. Therefore, the information is unknown 
and not inconsistent. 

Heart size in extant elasmobranchs shows 
considerable variation (0, 17). The size of the 
placoderm heart (2), as preserved, is compa- 
rable to the heart of extant sharks [supple- 
mentary text in (2)] and certainly sufficient for 
a bottom-dwelling fish. Furthermore, as other 
organs (stomach, liver) show clear signs of 
shrinkage [figure S3 in (2)], the preserved size 
of the heart is only a minimum; it may well 
have been larger in life. 

As Jensen et al. note (J), the hearts of all 
living vertebrates have at least two chambers, 
and phylogenetic bracketing strongly implies 
that this was also the case in placoderms. In 
the Gogo material, the chambers as preserved 
are confluent but can be distinguished as dis- 
crete shapes. We are thus left with three pos- 
sibilities: 1) that the fossilised structure is an 
originally two-chambered heart but decay has 
caused the connection between the chambers 
to widen; or 2) that it is a single-chambered 
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heart, a unique structure among vertebri oct 
or 3) that it isn’t a heart at all but anol 
unique organ occupying the place where a 
gnathostome heart would normally sit. Pos- 
sibilities 2 and 3 can both be excluded because 
they are implausible on grounds of compara- 
tive anatomy and functional morphology, 
whereas 1 is plausible from anatomical, func- 
tional, and taphonomic perspectives. We con- 
clude that our interpretation of the structure 
as a two-chambered heart is correct. 

We have used the correct official acronym 
MV-P when referring to specimens from the 
palaeontology collections housed in the Muse- 
ums of Victoria (Fig. 1). In response to a re- 
viewers request to provide a clearer image of 
the spiral gut, a photo of MV P229694 was 
used to replace one of WAM 09.4.1 in figure 2G 
(2), but unfortunately we omitted to update 
the specimen number and scale in the figure 
caption. 


MUSEUM OF VICTORIA - PALAEONTOLOGY 


Reg. No. P.L£2Q4ASF 


Fig. 1. Arthrodire specimen with accession card for 
the Museum of Victoria Palaeontology Collection 
(MV-P). 
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Space to meditate 


lay on the bench in the common area, put soothing music on my noise-canceling headphones, 
and closed my eyes. It was my usual routine—until I was interrupted by someone repeating “ex- 
cuse me” with growing ferocity. It was a professor. I politely asked what the problem was. “What 
you are doing is incredibly unprofessional and highly inappropriate,” they said sternly. “This is a 
research area.” “I’m sorry,’ I replied hesitantly, “I am meditating.” Without a pause, they retorted, 
“Well, if that is the case you should go somewhere quiet to do so.” Their venom stunned me into 
silence. I apologized again and slunk out of the room. 


I had taught myself meditation a 
year earlier, during the first year of 
my physics Ph.D. when I was strug- 
gling with severe anxiety. I knew I 
needed to get my symptoms under 
control, but taking action felt daunt- 
ing. Meditation seemed a relatively 
easy option: no special equipment, 
no one elses schedule to work 
around, all I had to do was close 
my eyes for a few minutes a day. I 
wasn’t confident it would make a 
difference. But my physics educa- 
tion taught me that the greater my 
skepticism, the more thoroughly I 
needed to challenge it. So, I decided 
to give meditation a try. 

Every day, I would find 10 min- 
utes to lie down, shut my eyes, and 
attempt to focus only on the rhythm 
of my breathing. At first it felt like 
I was just closing my eyes. But 
3 months in, I started to experience short stretches of calm- 
ing disconnection from the outside world. My anxiety symp- 
toms decreased. And after another 3 months, it was as if 
the last cog fell into place. When I closed my eyes, I quickly 
found myself in a quiet internal space that lasted for the full 
10 minutes and left me rejuvenated. From then on, I knew 
meditation would be part of my daily routine for a long time. 

But that common area was the only place near my depart- 
ment where I could practice. Without it, how could I main- 
tain my regimen? 

I hoped the professor had simply not understood why I 
was meditating. If I explained, maybe they would soften and 
I would be able to resume. I knocked on their office door; 
the scowl was still there. I apologized again and tried to ex- 
plain how important meditation was for managing my anxi- 
ety. They repeated I should go somewhere else, then shut the 
door in my face. 

In tears of frustration, I went to a department administra- 
tor who had always been kind and helpful. She was keen to 


“Mindful breaks from 
academic life... helped me 
actually enjoy most of my Ph.D.” 


help me find a space to meditate, but 
the only available quiet room was 
locked when it wasn’t being used. I 
had to borrow the technician’s key 
whenever I wanted to meditate. I 
tried that for a couple of weeks, but 
it simply wasn’t practical. 

Next, I went to an academic in 
my department who I knew was 
sympathetic to mental health is- 
sues. They promised to help. After 
a word with the purchasing man- 
ager, a new bench was bought and 
placed on the floor where I worked. 
If there was a problem, the aca- 
demic told me, I was to refer any 
objectors to them. 

For the remainder of my time 
working toward my degree, that 
meditation spot allowed me to take 
mindful breaks from academic life, 
which helped me actually enjoy most 
of my Ph.D. After each meditation session, I returned to my 
research refreshed. And when I hit a hurdle, in 1 minute flat 
I could shut my eyes, close myself off from everything around 
me, and find a more objective view. When I received a chapter 
of my thesis covered in red ink, for example, I once might 
have wallowed in an emotional response to what felt like a 
personal attack. Instead, through multiple meditations I was 
able to process my feelings and consider my supervisor’s in- 
tentions and the faults in my writing he’d helped correct. 

I was lucky to have colleagues who helped me. This is not 
the norm, however. Even as academics begin to have more 
open conversations about the importance of taking care of 
our mental health, harsh unwelcoming perspectives like that 
of the professor who kicked me out of the common room 
are all too common. It shouldn’t be so hard to find—or 
make—a space for mental health. 


Alex Hubert holds a Ph.D. from the University of Warwick. Send your 
career story to SciCareerEditor@aaas.org. 
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